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PREBPAGE 
TO THE SECOND EDITION 


IN the eventful decade which has elapsed since the publication of 
the First Edition of this book, not only have many of our ideas 
of atomic structure been revolutionised through the experimental 
work of Rutherford, Moseley, the Braggs, and many others, but 
our theoretical concepts have undergone profound modification. 
Kinstein’s Theory of Relativity, and still more the development 
of Planck’s Quantum Theory, largely due to the genius of Niels 
Bohr, have markedly changed our views as to the relations 
between matter and radiation. 

In spite of these changes the facts of Photo-electricity 
recorded in 1913, and the deductions drawn from them, remain 
substantially true to-day. The most important advance in the 
subject has been due to the elaborate experimental investigations 
of Millikan, who has proved that photo-electric emission con- 
forms exactly to the rules of the Quantum Theory, and provides 
us with one of the most accurate values for Planck’s constant. 
Other work of outstanding importance is also described, and an 
account is given in a separate chapter of the development of the 
photo-electric cell and its application in photometry. 

Although the attention of experimenters has been directed 
rather to the study of the high frequency radiations represented 
by X-rays and y-rays, the number of papers published since 1913 
on photo-electric effects associated with ordinary light has been 
considerable. To overcome the difficulty of including some 
reference to this work without materially increasing the size of 
the book, the plan adopted has been to provide a bibliography 
of all the relevant papers published between 1913 and 1924, 
and to give references at the end of each chapter to important 
articles or books bearing on the subject in hand. UVtraviolet 
Radiation, by M. Luckiesh (Crosby Lockwood & Son, 1923), 
furnishes a storehouse full of experimental facts, and the Report 
on Photo-electricity by A. Ll. Hughes (National Research Council, 
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Washington, 1921) not only summarises the progress made since 
1913, but contains also a valuable account of ionising and 
radiating potentials. My chief aim in this edition has been to 
give a connected view of the subject of the liberation of electrons 
by ordinary and ultra-violet light, showing how the experimental 
facts have led up to, and may be expressed in terms of, modern 
theories of matter and radiation. 

Thanks are due to the Research Laboratories of the General 
Electric Company for permission to reproduce diagrams illus- 
trating the construction and use of their photo-electric cells, and 
to the University of Chicago Press for the use of the block 
showing the results of Millikan’s experiments. The Cambridge 
Instrument Company has provided useful information as to 
sundry apparatus. I wish also to express my thanks to all those 
who have assisted me in the preparation of the new edition, 
and in a special measure to Mr. R. S. Maxwell and Mr. Ian 
Sandeman for reading the proofs and for much helpful criticism. 


H. STANLEY ALEEN. 


THE UNIVERSITY, 
St. ANDREWS, 
April, 1925. 


EXTRACTS FROM PREFACE 
TO THE FIRST EDITION 


THE present book is based on a course of advanced lectures 
delivered by the author at King’s College, London, during 
the Lent Term of 1910; but the greater part has been entirely 
re-written so as to incorporate the results of the large amount 
of research carried out in the three years since these lectures 
were given. 

Starting from the observation of Hertz in 1887 that the 
incidence of ultra-violet light facilitated the passage of an 
electric spark, and from the discovery of Hallwachs, im- 
mediately following, that a negatively charged body readily 
lost its charge when illuminated by ultra-violet light, the 
subject reached its culminating point in the identification and 
measurement of the natural unit of negative electricity, the 
electron or corpuscle, by Sir J. J. Thomson in 1899. Thus 
photo-electric action, from the point of view of our present 
theories, is the separation or liberation of negative electrons 
from matter under the influence of radiation, generally of 
short wave-length. It remains then to determine how the 
velocity and the number of the electrons emitted depend upon 
the conditions of the experiment, and if possible to form some 
conception of the mechanism of the process by which the 
incidence of electro-magnetic waves results in the emission of 
electrons. Thus our subject is connected, in the most intimate 
fashion, with one of the outstanding questions of modern 
physics—the nature of radiation. It may well be that further 
study of photo-electric phenomena will serve to reconcile the 
quantum or unitary theory of radiation with the accepted 
undulatory theory of light. Some progress at least in this 
direction has been made already, and it would appear prob- 
able that the emission of energy in radiation is discontinuous 
because the emission of electrons is discontinuous. 
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It will be seen from the introductory chapter, which gives 
an outline of the whole, not only that the subject is of great 
theoretical interest, but also that it is connected with ques- 
tions of great practical importance through its relation to 
photo-chemical processes of all kinds. In the later chapters 
the subject is developed in greater detail, with due regard to 
the historical setting of each investigation. Special attention 
may perhaps be directed to the chapters dealing with the 
influence of the character of the light on photo-electric phe- 
nomena, and with the theories of photo-electric action. The 
chapter on photo-electric fatigue deals with a part of the 
subject which I have myself specially investigated. In dis- 
cussing fluorescence and phosphorescence I have given an 
account of the theories of Stark and of Lenard, which have not 
as yet been described in any English text-book. In the last 
chapter I have considered the bearing of the facts of photo- 
electricity on photo-chemical processes in general and photo- 
graphic changes in particular, and I have endeavoured to 
develop the view taken by Professor Joly as to the nature of 
the latent photographic image, and have attempted an explana- 
tion of the complicated phenomena of photographic reversal. 

In connection with the diagrams illustrating the text I 
am indebted to the Royal Society of London, the Royal 
Society of Edinburgh, the Royal Photographic Society, 
Messrs. Taylor & Francis, the publishers of the Phzlosophical 
Magazine, Messrs. S. Hirzel of Leipsic, and Messrs. Vieweg 
& Son of Brunswick. 

In conclusion, I wish to thank all those whose assistance 
has made possible the writing of this book, and in particular 
I must mention Professor Wilhelm Hallwachs, Dr. Rudolf 
Ladenburg (in connection both with his own work and with 
that of his brother, Dr. Eric Ladenburg, whose early death is 
regretted by all workers in this subject), Dr. Robert Pohl, 
Professor O. W. Richardson, Dr. J. Robinson, and Dr. W. M. 
Varley. I must also thank my colleague Mr. G. H. Martyn 
for help in the preparation of the manuscript, Mr. Stanley 
Maxwell for reading the proof sheets, and finally the 
Editors of the Series for the very valuable suggestions and 
advice which they have given me during the completion of 
the work. 

FH. S PANLEY ALLEN: 


University oF Lonpon, 
KinG’s COLLEGE, 
September, 1913. 
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CHAPTER Ie 


INTRODUCTORY. 


THE term Photo-electricity is used in a general sense to desig- 
nate any electrical effect due to the influence of light. Thus the 
change of electrical resistance of selenium, when exposed to light, 
is spoken of as a photo-electric action. In this book the term is 
used in a more restricted sense, to denote a change in the state 
of electrification of a body produced by the action of light. Since 
ultra-violet radiation is most effective in bringing about such 
changes, the term Actino-electricity is sometimes used. 

Monochromatic light is characterised by the wave-length ()) 
which determines the position in the spectrum. The wave-length 
as measured by eS oe is usually expressed in terms of 
the Angstrém Unit (1 AU. = 10-8 cm. ) or sometimes in terms 
of the micro-millimetre (1 wu = 10-' cm.). Wave-lengths in 
the visible spectrum range from about 7600 A.U. to 3900 Ae 
By using quartz instead of glass the ultra-violet spectrum may be 
extended to about 1850 A.U. Beyond this lies the Schumann 
region for which special experimental arrangements are necessary. 
Corresponding to each wave-length, >, there is a definite fre- 
quency of vibration, », ze. the number of vibrations executed in 
unit time; these quantities are connected by the fundamental 
relation c = vd, where c¢ is the velocity with which the light 
travels (3 x 10? cm. per sec. in free space). Instead of the 
oscillation frequency, v, spectroscopists generally use the “ wave- 
number” or number of waves per centimetre.’ 

It is now recognised that X-rays, and also y-rays from radio- 
active substances, differ from ordinary light only in the fact that 
the wave-length associated with them is very much shorter than 
that for light of the visible spectrum. For a detailed discussion 


1 The frequency is given by 3 x ro!8/(A in Angstréms), and the wave number by 


ro8/(a in Angstroms). 
I 
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of the photo-electric effect of these rays of short wave-length or 
high frequency, reference must be made to special treatises on 
X-rays or radioactivity (Becquerel radiation). 

In accordance with modern electrical theory we regard light 
as an electro-magnetic disturbance, and a change in electrifica- 
tion as due to the addition or removal of negative electrons, 
From this standpoint a photo-electric change is equivalent to the 
liberation of negative electrons under the influence of electro- 
magnetic waves. Such a process is of fundamental importance, 
not only in those cases where a change of electrification is 
readily detected, but also in connection with many other pheno- 
mena where the observed effect is of a secondary character. 
Amongst these we may include the change in the electrical re- 
sistance of a body due to illumination, fluorescence and phosphor- 
escence, and all photo-chemical transformations. 


The first observation in connection with photo-electricity was 
made in 1887 by Hertz,’ who noticed that, when ultra-violet light 
fell upon a spark-gap, the electric discharge took place more 
easily than when the gap was not illuminated. The source of 
light might be a discharge across a second spark-gap, an ordinary 
flame, or an electric arc. The greater the actinic quality of the 
source of light employed, the more powerful the effect. 

In the following year Wiedemann and Ebert? showed that 
the action has its seat at the kathode, or negative terminal of the 
spark-gap. 

Inthe same year, 1888, Hallwachs*® made the important dis- 
covery that a body carrying a charge of negative electricity readily 
loses that charge when ultra-violet light falls upon it; on the 
other hand, if the body is positively charged, it is not discharged 
under the influence of light. This is generally referred to as the 
Hallwachs effect ; its great significance lies in the fact that there 
is here a difference between positive and negative electrification— 
a difference that has played its part in the development of the 
electron theory. A little later Hallwachs and Righi showed, 


1 Hertz, Wiedemann’s Ann. d. Physik, 31, p. 383, 1887. ° 
* Wiedemann and Ebert, Ann, d. Physik, 33, p. 241, 1888. 
* Hallwachs, Ann. d. Physik, 33, pp. 301-312, 1888. 
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independently, that a body carefully insulated, and at the outset 
free from charge, would acquire a positive charge if exposed to 
ultra-violet light. The experiments referred to were carried out 
with brightly polished metal plates. 

The experimental methods for studying the photo-electric dis- 
charge were developed by Hoor, Righi, and Stoletow. If an 
electric field is applied by making the illuminated metal form one 
plate of an air condenser, the second plate of which is charged 
positively by a battery, the continuous current produced can be 
measured by a quadrant electrometer or a sensitive galvanometer. 
By applying a sufficient potential difference the current becomes 
approximately independent of the electric field, and this ‘‘ satura- 
tion” current may be regarded as a measure of the photo-electric 
activity of the metal. 

The experiments of Elster and Geitel! in 1889 showed that 
electropositive bodies, like sodium and potassium, manifest 
photo-electric activity when exposed to ordinary light. Rubi- 
dium, which is still more electropositive, loses a negative charge 
when illuminated by the light from a glass rod which is just 
heated to redness. Less electropositive metals show smaller 
activity, yet even metals such as zinc and aluminium exhibit the 
photo-electric effect when exposed to sunlight ; but this is only 
the case when the surfaces are freshly polished. If the plates are 
allowed to stand in air, their activity rapidly diminishes. This is 
known as the “ fatigue” of the Hallwachs effect. 

As in so many other instances, the scientific study of an 
obscure phenomenon has resulted in an unforeseen practical return. 
Hallwachs®? found that a plate coated with copper oxide (CuO), 
preserved in a small airtight chamber, showed a photo-electric 
activity that was constant over long periods of time. On this he 
based a method of photo-electric photometry, in which the in- 
tensity of the radiation was measured by the saturation current 
through a photo-electric cell containing copper oxide as the sub- 
stance sensitive to light. This method was used by R. Linde- 
mann? in an investigation of the radiation from an arc lamp. 


1 Elster and Geitel, Ann. d. Physik, 38, pp. 40, 497, 1889. 
2 Hallwachs, Phys. Zeit., 5, p. 489, 1904. 
3 Lindemann, Ann. d. Physik, 19, pp. 807-840, 1906. 
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Elster and Geitel,! who had already suggested the use of a zinc 
sphere for the photometry of ultra-violet light, have described a 
photo-electric cell designed for the measurement of the intensity 
of sunlight or daylight. In this case the sensitive surface is of 
potassium, placed in an atmosphere of argon or helium to secure 
permanence. 

The advantages claimed for this method of photometry in the 
First Edition have now been recognised, and in Chapter XVII 
will be found a detailed account of the principal types of photo- 
electric cells and a description of the applications to which these 
cells have been put. 

In 1890 Elster and Geitel? discovered the important fact that 
the application of a transverse magnetic field diminished the 
photo-electric current, when the experiments were carried out 
in a gas at low pressure. This observation served to provide 
the method by which almost simultaneously J. J. Thomson,’ 
Lenard,* and Merritt and Stewart,’ proved that the carriers of 
negative electricity, when a metal plate is illuminated in a good 
vacuum, are identical with the kathode rays of a Crookes tube, 
and consist of negatively electrified “corpuscles,” or negative 
electrons. These electrons have a mass of the order of 1/1800 of 
the mass of the hydrogen atom, and carry a charge which is equal 
to the elementary charge in electrolytic convection. 

In the photo-electric discharge at ordinary pressures, the elec- 
trons liberated at the illuminated plate form ions by becoming 
attached to one or more gaseous molecules, and these carriers 
move slowly through the gas under the influence of the electric 
field. Ifthe strength of the field is greatly increased, ionisation 
by collision takes place, at first due to the motion of the negative 
electrons, but in later stages due to the motion of both positive 
and negative ions, until at length the discharge passes in the form 
of a spark. 


1 Elster and Geitel, Phys. Zeit., 12, pp. 609-614, IgII; 13, pp. 739-744, 852-855, 
1912. 

2 Ibid., Ann. d. Physik, 41, p. 161, 1890. 

° J.J. Thomson, Phil. Mag., 48, pp. 547-567, 1899. 

‘Lenard, Wien. Ber., 108, p. 1649, 1889; Ann. d. Physik, 2, pp. 359-375, 
1900. 

® Merritt and Stewart, Physical Review, 11, pp. 230-250, 1900, 
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In opposition to most other experimenters, Branly | came to 
the conclusion that, in certain circumstances, positive electricity 
was discharged from an illuminated plate. Thus, if a piece of 
zinc were irradiated by the light from the sparks of a large in- 
duction coil placed sufficiently near to it, he found the loss of charge 
nearly as rapid for a positive as for a negative charge. Experi- 
ments by Elster and Geitel * have shown that the loss observed in 
such cases is due to the dissipation of the negative charge induced 
on neighbouring bodies, which are illuminated by light from the 
spark either directly or after reflection from the plate under test. 
The negative ions so produced move up to the illuminated plate 
under the influence of the electric field, and neutralise the positive 
charge. Le Bon,? also, proved that a positively electrified body 
could be discharged by illuminating a metal plate in its neigh- 
bourhood. 

Later experiments by Dember?* in the highest attainable 
vacuum indicate that positively charged particles are expelled, 
in small numbers, from an illuminated metal plate. These are 
similar in their behaviour to the ‘‘canal rays” in a vacuum tube, 
and are probably metal atoms from which a negative electron 
has been liberated. It seems probable on theoretical grounds 
that such an action should take place, though it would only be 
possible for the atom to leave the solid under specially favour- 
able conditions.® Such an action would explain the alteration 
in the appearance of the surface’ after prolonged illumination, 
observed by Lenard,’ Ladenburg,’ and others, and often described 
as a roughening of the polished surface. 


Within the last two decades great progress has been made 
in the study of photo-electric phenomena by carrying out ex- 
periments in a high vacuum, where the conditions are much 
simplified through the absence of a surrounding atmosphere. 


1 Branly, C. R., 110, pp. 751, 898, 1891; 114, p. 68, 1892; 116, p. 741, 1893. 
2 Elster and Geitel, Ann. d. Physik, 57, p. 23, 1896. 

3 Le Bon, C. R., 124, p. 755, 18975; 130, p. 894, 1900; 135, pp. 32-36, 1902. 
4Dember, Ann. d. Phys., 30, pp. 137-165, 1909. 

> J. Stark, Phys. Zeits., 9, p. 894, 1908. 

® Lenard, Ann. d. Phys., 12, p. 490, 1903. 

7 Ladenburg, Ann. d. Phys., 12, pp. 558-578, 1903. 
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Two principal methods of experiment may be employed: the 
plate to be illuminated may be connected to an electroscope or 
electrometer and the positive potential which it acquires under 
the influence of the light measured, while surrounding bodies are 
kept at the potential of the earth; or the current flowing between 
the illuminated plate and a parallel plate may be measured 
by a galvanometer or electrometer, when a known difference 
of potential is maintained between the two plates. The first 
method gives information as to the maximum velocity of the 
electrons leaving the illuminated plate; for the positive potential 
rises till it attains a value sufficiently great to prevent the most 
rapidly moving electrons from escaping. The second method 
measures the number of electrons leaving the illuminated surface ; 
and, by varying the potential difference applied, it is possible to 
find how the number depends on the strength of the electric 
field. If the field is such as to retard the motion of the electrons 
away from the plate, only those having a velocity sufficiently 
great will be able to escape ; if, on the other hand, an accelerat- 
ing field is applied, the number leaving the plate will rise to 
a maximum value, so that for further increases in the potential 
the current becomes approximately constant. By plotting the 
current against the potential, a “velocity distribution” curve is 
obtained, from which the proportion of electrons leaving the 
plate with any assigned velocity can be deduced. 

A scientific study of photo-electric processes must be based 
on measurements of the number and velocity of the liberated 
electrons for varying experimental conditions. 

We consider first (Chapter VIII) the influence of tempera- 
ture. The early experimenters all worked at atmospheric 
pressure, where the results are complicated and difficult to dis- 
entangle. Experiments carried out in a good vacuum by Varley 
and Unwin, Lienhop, Dember, Millikan and Winchester, Laden- 
burg, and others, prove that, apart from secondary actions, both 
the number of electrons emitted and their velocity of emission are 
independent of temperature. This result holds from the low 
temperature secured by the use of liquid air up to temperatures 
at which a discharge takes place without illuminating the plate 
(800° C. in Ladenburg’s experiments). If the result be strictly 
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true, it must be taken to indicate that the phenomenon of electron 
emission arises from some process within the atom itself. 

We turn next (Chapters 1X and X) to the variations in photo- 
electric action produced by altering the character of the light 
falling upon the plate. 

Experiments in a vacuum, in which the intensity of the 
incident light was varied, led to the two important conclusions 
that (1) the velocity of the electrons is independent of the 
intensity of the light, and (2) the number of electrons emitted is 
directly proportional to the intensity of the light. 

The first result is due to Lenard; it has been confirmed by 
the experiments of Millikan and Winchester, Ladenburg, Mohlin, 
Elster and Geitel, J. R. Wright, and Millikan. Though the 
positive potential finally reached by the illuminated plate is 
independent of the intensity, the time taken to reach that 
potential increases as the intensity of the light diminishes. 

Lenard’s result certainly deserves the epithet ‘astonishing,’ 
employed by Millikan.’ It means that “the energy of ejection 
of the corpuscle is altogether independent of the intensity of the 
light which causes the ejection, no matter whether this intensity 
is varied by varying the distance of the light or by introducing 
absorbing screens. . . . Furthermore, this sort of independence 
has also been established for the negative electrons emitted by 
both X- and 4-rays.” 

The second result has received confirmation in the work of 
many experimenters, including Elster and Geitel, Lenard, Laden- 
burg, Herrmann, and Richtmyer, and holds good over an ex- 
tremely wide range of light intensities. There is no indication 
of a limiting value below which the light is inactive. For very 
intense sources, however, it is possible that the number of electrons 
emitted falls short of that required by the law of proportionality. 

Elster and Geitel? in 1894 made the remarkable discovery 
that, in certain cases, the photo-electric effect depends upon the 
orientation of the plane of polarisation of the incident light. 
Using the liquid alloy of sodium and potassium, and allowing 


1R, A. Millikan, ‘‘ The Electron,” p. 221 (University of Chicago Press). 
2 Elster and Geitel, Wied. Ann., 52, p. 433, 18943; 55, p. 684, 1895; OI, p. 445; 
1897. 
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polarised white light to fall upon the surface at an angle of 45°, 
they found a maximum current when the electric vector in the 
light-wave was vibrating in the plane of incidence, and a 
minimum current when the electric vector was perpendicular to 
the plane of incidence. 

In discussing results of this kind, it is most convenient to 
consider the strength of the photo-electric current in relation to 
the amount of light absorbed by the surface in the case under 
consideration. The complete discussion involves, as we shall see 
presently, a distinction between two actions which have been 
termed the “selective” and the “normal” photo-electric effect, 
but we may give a general explanation of the influence of the 
plane of polarisation in the following way. If the incident light 
is polarised at right angles to the plane of incidence, the electric 
vector in the light-wave has a component perpendicular to the 
surface on which the light falls. Consequently some of the 
electrons on which the light acts will be more likely to move in 
a direction at right angles to the surface, and escape from it 
without coming into collision with molecules of the metal. On 
the other hand, if the light is polarised in the plane of incidence, 
the electric vector is parallel to the surface, and the electrons 
will tend to move parallel to the surface. They will therefore 
be more likely to collide with surrounding molecules and will 
have less chance of escaping from the surface. 

The orientation of the plane of polarisation appears to have 
little or no effect on the maximum velocity of emission of the 
electrons.’ 

Questions of very great interest arise in connection with the 
relation of photo-electric phenomena to the wave-length of the 
exciting light, as the results obtained are of significance in con- 
sidering the theory of the emission of photo-electrons. 

We deal first with the variation of the photo-electric activity, 
as measured by the saturation current, with the wave-length of 
the incident light. The experiments of Elster and Geitel with 
the alkali metals indicate a maximum photo-electric effect for 
light belonging to the visible part of the spectrum. On the 
other hand, quantitative measurements of the specific photo- 


1 Elster and Geitel, Phys. Zeit., 10, pp. 457-465, 1909. 
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electric activity, that is, the activity for unit light intensity,’ for 
metals tested with ultra-violet light, show an effect that increases 
as the wave-length diminishes. The apparent discrepancy has 
been explained through the work of Poh! and Pringsheim. If 
the electric vector of the light-wave is perpendicular to the plane 
of incidence, the specific photo-electric activity increases con- 
tinuously as the wave-length diminishes; but if the electric 
vector is parallel to the plane of incidence, it becomes necessary 
to distinguish between two different cases. For substances 
which show only a “normal” photo-electric effect the specific 
photo-electric activity increases continuously as the wave-length 
diminishes, but the rate of increase is more rapid than when the 
electric vector is perpendicular to the plane of incidence. For sub- 
stances which show a “‘selective” photo-electric effect the specific 
photo-electric activity rises to a maximum value for a particular 
wave-length (the critical wave-length), usually in the visible part 
of the spectrum. For very short wave-lengths these substances 
behave in the same way as those which show only a normal 
effect. The wave-lengths that are effective in producing the 
selective emission extend over a very wide region in the spectrum. 
Pohl and Pringsheim? have, however, shown that the maximum 
is much more strongly marked if the energy of the light absorbed 
is considered, instead of the energy of the light which is incident 
on the surface. 

Experiments by Compton and Richardson,*® however, indicate 
that the “normal” photo-electric effect reaches a maximum similar 
to that reached by the “selective” effect, but farther out in the 
ultra-violet region of the spectrum. 

A large amount of work has been carried out to determine the 
relation between the velocity of emission of the photo-electrons 
and the wave-length of the light. The investigations of Compton 
and Richardson, Hughes, and Millikan, prove conclusively that 
the maximum energy of emission is a linear function of the fre- 
quency of the light. Fora particular metal a certain minimum 


1 Estimated in the earlier experiments in terms of the light zucident on the 
surface. 

2 Pohl and Pringsheim, Verh. Deutsch. Phys. Gesell., 15, pp. 173-185, 1913. 

3 Compton and Richardson, Phil. Mag., 26, pp. 549-507, 1913. 
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frequency is necessary to produce any liberation of electrons at all. 
As the frequency increases, so does the energy of emission, or the 
positive potential required to prevent the emission. 

A remarkable instance of extrapolation is afforded by the em- 
ployment of the formula deduced from experiments on ultra-violet 
light to calculate the wave-length of Rontgen radiation, assuming 
this to behave in the same way as ultra-violet light of extremely 
short wave-length. The value so calculated (between 1 and 2 x 
10-* cm.) is in good agreement with that obtained from observa- 
tions on the interference fringes produced by reflecting the radia- 
tion from a crystal of rock-salt.' 

When the first edition of this book was published, a gap of 
about 6 octaves existed between the shortest known ultra-violet 
ray of wave-length about 900 A.U. (measured by Lyman) and 
the longest X-ray of wave-length, about 8 Ae (measured by 
Moseley). By indirect photo-electric methods it has now been 
possible to trace the existence of X-ray spectrum lines right across 
the gap and into the already explored ultra-violet. On the other 
hand, Millikan has shown how it is possible to obtain spectral 
lines of extremely short wave-length in a vacuum spectrograph, 
so that the gap between the ultra-violet and the X-ray region has 
now disappeared.’ 

So far we have been considering the experimental facts 
mainly from the historical point of view. Chapter XI is more 
speculative in character, being concerned with the theories that 
have been put forward to account for the emission of electrons 
from atoms of matter subject to the influence of a light-wave. 

Problems of very great interest are met with in connection 
with the mechanism of the liberation of photo-electrons. Though 
recent investigations have thrown some light on these problems, 
many questions still remain to be answered. Photo-electric 
activity certainly implies the absorption of energy from the in- 
cident light ; but we have to determine whether the greater part 
of the energy of a liberated electron is derived directly from the 
light, or whether the velocity of emission is practically that which 
the electron previously possessed in its motion within the atom, 


1 Barkla and Martyn, Proc. Phys. Soc., 25, p. 214, 1913. 
* Kaye, Nature, 109, p. 414, 1922; Richardson, Nature, 111, p. 118, 1923. 
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while the light merely supplies the overplus of energy required to 
set the electron free. The former view gives an explanation of 
many of the facts of photo-electricity, provided we make a special 
assumption as to the nature of light, and suppose that the energy 
of light, instead of being distributed uniformly over the wave- 
front, is concentrated in particular regions, so that we may think 
of bundles or units of light energy. The energy in each unit is 
assumed to be &v, where & is a universal constant, known as 
Planck’s constant." 

The maximum kinetic energy (4#v*) of an electron increases 
with frequency in agreement with a formula first suggested by 
Einstein in 1905 on the basis of the hypothesis of “light quanta.” 
This fundamental law of photo-electric activity may be written 

dmv” = hv — vo) 

where p is the frequency of the exciting light and yp, is a definite 
frequency characteristic of the metal on which the radiation falls. 
For each metal this ‘‘ threshold” frequency determines the photo- 
electric behaviour. Thus, for sodium the characteristic frequency 
is about 515 billion (5°15 x 10) vibrations per second, corre- 
sponding to green light. If the light is slightly redder than this 
it may fall on sodium for centuries without causing the emission 
of electrons, but if the light is bluer than this particular green 
light it will at once bring about the liberation of electrons, and the 
velocity (or more strictly speaking the kinetic energy) of emission 
will increase as the frequency increases. 

Einstein’s equation possesses a very high degree of generality, 
for it applies not only to ordinary light, but also to X-rays, and 
appears to be valid not only in the case of emission of electrans 
under the influence of light, but also when emission of radiation 
is brought about in consequence of the impact of electrons. 
The extraordinary problem involved in this reciprocal relation 
has beer: well put by Sir William Bragg: “ It is as if one dropped 
a plank into the sea from a height of 100 ft., and found that the 
spreading ripple was able, after travelling 1000 miles and becom- 
ing infinitesimal in comparison with its original amount, to act 
upon a wooden ship in such a way that a plank of that ship flew 


1 The value of h is very near to 6°55 x 1077 erg. sec., which is Planck’s original 
estimate. 
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out of its place to a height of 100 ft. How does the energy get 
from one place to another?” In many ways the transference of 
energy suggests a return to Newton’s corpuscular theory. Such 
a ‘‘unitary theory” of light, however, does not appear to be 
in accordance with the electro-magnetic equations formulated by 
Clerk Maxwell, and unless it be possible to enunciate a theory 
of light which shall combine the advantages of the unitary theory 
with those of the well-tried undulatory theory, the assumption of a 
discrete “ quantum ” of radiant energy has to be introduced merely 
to explain particular classes of facts—a proceeding not altogether 
desirable. 

The older school of physicists preferred to adopt the second 
view, that the light acts through resonance, the energy of the 
orbital motion of the electron being gradually increased by 
sympathetic light-vibrations till the electron is able to escape from 
the control of the forces binding it to the atom. There seemed 
to be additional reason to suppose this the correct view to take 
of the ‘‘selective” photo-effect, inasmuch as Lindemann ! had 
calculated on fairly simple assumptions the frequency of the 
vibration which should correspond -to maximum action. It is 
less clear that the view affords a sufficient explanation of the 
“normal” effect, seeing that we have then to assume the presence 
in connection with the atom of electrons with all possible fre- 
quencies of vibration, the kinetic energy being proportional to the 
frequency. J. J. Thomson” has suggested a theory of radiation 
which overcomes some of the difficulties of this view. 

At the present time (1925) most physicists accept the principles 
of the quantum theory, but not the existence of “light quanta ” ; 
the results of Lindemann may be regarded as covered by the 
Correspondence Principle of Bohr which relates the new to the 
old mechanics. It is still not clear how the undulatory theory of 
light and the quantum theory are to be reconciled—if reconcile- 
ment is possible. 


d 


Another question of importance is that of the classification of 
the photo-electrons. It is almost certainly correct to assign them 
to the class of the valency or outer electrons. 


‘Lindemann, Deutsch. Phys. Gesell., Verh., 13, pp. 482-488, IgII. 
2 J. J. Thomson, Phil. Mag., 14, pp. 215-231, 1907. 
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In the later chapters of this book some phenomena are con- 
sidered in which the liberation of electrons by light plays a funda- 
mental part. The fascinating problem of luminescence is intimately 
connected with photo-electric activity. According to Lenard,} 
the incident light effects the separation of the electron from the 
parent atom, and the subsequent phosphorescence is due to vibra- 
tions set up on the return of the electron. Many phosphorescent 
substances are good insulators, which acquire local positive charges 
through the liberation of photo-electrons. 

Our knowledge of photo-chemical changes is not at present 
sufficiently great to enable us to trace all the steps of the processes 
involved in such changes, but the first step is undoubtedly an 
action on the valency electrons (chemical bonds) of the kind we 
have been considering. The scientific photographer may be in- 
terested in the attempt, following out the suggestions of J. Joly, 
to restate the physical theory of the latent image of the photo- 
graphic plate in terms of the electron theory. In this attempt 
I have taken Lenard’s theory of phosphorescence as a guide. 
Whatever may be the ultimate decision with regard to the de- 
bated question of a chemical change following the physical one 
in the formation of the latent image, the view here put forward 
is capable of accounting for many of the facts of photographic re- 
versal and fulfils at least one of the functions of a theory in 
suggesting lines for further research. 

Joly’s views as to the nature of the latent image possess great 
interest in other directions. They are discussed in Chapter XVI 
in connection with the photo-electric theory of vision and in rela- 
tion to the therapeutic action of light. 
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THE EARLY EXPERIMENTERS. 


IN the course of his experiments on rapid electric oscillations 
Hertz was struck by “a noteworthy reciprocal action between 
simultaneous electrical sparks.” These experiments have be- 
come classical, for they have given us the means of establishing 
that view of electrical and magnetic actions which was put 
forward by Faraday and developed by Clerk Maxwell, and they 
have found their practical application in wireless telegraphy 
and telephony. 

In these investigations one spark, the spark A, was the 
discharge spark of the induction coil, and served to excite the 
primary oscillation. The second, the spark B, belonged to 
the induced or secondary oscillation, and the length of this 
spark was used to measure the action set up in the secondary 
circuit. To facilitate the measurement, this spark was oc- 
casionally enclosed in a dark case, and it was noticed that the 
maximum spark length was decidedly smaller inside the case. 
It was found that the only portion of the case producing this 
effect was that which screened the spark B from the spark A. 

The nature of this phenomenon was investigated by Hertz 
in a paper! which forms a good example of scientific method. 
The English translation may be found in Hertz’s Electric Waves 
(pp. 63-79, 1900). 

He first proved that the box did not play the rdle of an 
electrostatic or electro-magnetic screen. It was then shown that 
the ultra-violet light from the primary spark was the cause of 
the phenomenon, so that the paper bears the title “ On an effect 
of ultra-violet light upon the electric discharge.’ ‘“ For some 


1 Hertz, Sitzungsberichte d. Berl, Akad. d. Wiss., June 9, 1887; Wiedemann’s 
Ann., 31, p. 383. 
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time, indeed,” writes Hertz, “I was in doubt whether I had not 
before me an altogether new form of electrical action-at-a-distance. 
The supposition that the action was due to light seemed to be 
excluded by the fact that glass plates cut it off; and, naturally, 
it was some time before I came to experiment with plates of 
rock-crystal. As soon as ] knew for certain that I was only 
dealing with an effect of ultra-violet light, I put aside this 
investigation so as to direct my attention once more to the main 
question” (of electro-magnetic oscillations). 

It was found that the phenomena could conveniently be 


investigated by inserting in the same circuit the primaries of 
two induction coils with a common interruptor. One coil gave 
the spark A, usually about 1 cm. long, the other, the smaller 
coil, gave the spark B, usually about 1 mm. long, between the 
nickel-plated knobs of a spark micrometer (Fig. 1). 

The apparatus was set up with the two spark-gaps parallel 
to one another, and when the interruptor was at work, the 
spark-micrometer was drawn out just as far as to allow sparks 
still to pass regularly. 

If a plate of metal or glass was introduced between the two 
spark-gaps, the spark at B at once ceased; when the plate was 
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removed, the spark reappeared.t' The intensity of the action 
increased as the distance between the two sparks was diminished. 
The effect could be detected when the distance was 3 metres, 
and was easily observed at 14 metres. Under certain conditions 
the sparking distance was doubled by removing the plate. 
Thus the spark A exerts a certain action which tends to increase 
the spark length at B. A may be called the active spark, B the 
passive spark. 

The action of the active spark does not depend on the 
material or the form of the poles. On the other hand, the 
susceptibility of the passive spark depends on its form, being 
greatest between knobs, least between points. There is no 
perceptible difference due to the metal of the terminals, but 
“the poles must be clean and smooth; if they are dirty, or 
corroded by long use, the effect is not produced.” 

The effect of the active spark is propagated in straight lines 
in accordance with the laws of light. This can be shown by 
experiments with screens and slits. Most solid bodies prevent 
or hinder the action, all metals and most insulators being opaque 
toit. Crystallised sugar, alum, calc-spar, and rock salt transmit 
the action, but with diminished intensity. Gypsum (selenite) 
and rock-crystal proved completely transparent. Amongst 
liquids pure water proved remarkably transparent, but the 
addition of a few drops of salt solution was sufficient in many 
cases to extinguish the passive spark. Paraffin, benzole, petrol, 
carbon bisulphide were almost opaque. Coal gas is notably 
opaque, and similar powerful absorption is shown by the brown 
vapours of nitrous oxide. Chlorine and the vapours of bromine 
and iodine exercise absorption, but not at all in proportion to 
their opacity. 

The action of the active spark can be reflected from most 
surfaces, and the reflection takes place in accordance with the 
laws of light. Further, in passing from air into a solid transparent 
medium, refraction takes place as in the case of light, but the 
refraction is stronger than for light of the visible spectrum. 


1 The passage of the discharge through the second circuit can be made evident 
to a large audience by inserting a Geissler vacuum tube in series with the spark- 


gap B. 
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This result was obtained by the use of a prism of quartz and 
another of rock-salt. The region in which the active spark exerted 
its influence was found on examination to correspond to a devi- 
ation decidedly greater than that of the visible violet. 

All these facts agree with the hypothesis that the cause of 
the action is the light of the active spark, and that the effective 
light belongs to the ultra-violet portion of the spectrum. If the 
hypothesis is correct, we should expect similar results from other 
sources of light. This expectation is easily realised, for an 
increase in the length of sparks from an induction coil is pro- 
duced by bringing near a candle flame, using a quartz plate to 
prevent convection from the flame to the spark-gap. 

The flames of gas, wood, benzene, etc., all act in the same 
way. Magnesium light produces a far more powerful effect, 
its action extending to a distance of about a metre. Limelight, 
produced by means of coal gas and oxygen, acts up to a distance 
of half a metre; the action is mainly due to the jet itself. Sun- 
light gives no decisive effect. The electric arc is the most 
effective source of light, acting at a distance of 4 metres. The 
action proceeds chiefly from the violet light of the feebly luminous 
arc between the carbons. Most of the experiments already 
described were repeated, using the light of the electric arc. As 
regards rectilinear propagation, reflection, refraction, and absorp- 
tion, the results obtained agreed with the suggested hypothesis. 

One other observation recorded by Hertz must be mentioned. 
The action on the passive spark takes place near the poles, more 
especially near the negative pole. Whether the effect was 
produced entirely at the kathode, or only chiefly at the kathode, 
could not be decided with certainty. Wiedemann and Ebert? 
investigated this point, and found that the seat of the action was 
the kathode. 


Hallwachs? sought for other phenomena due to ultra-violet 
light which would serve to explain the results obtained by Hertz. 
He examined the action of light from the electric arc on electro- 
statically charged bodies. A polished zinc plate was connected 


1 Wiedemann and Ebert, Ann. der. Physik, 33, p. 241, 1888. 
2 Hallwachs, Ann. der Physik, 33, pp- 301-312, Jan. 1888. 
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with a gold-leaf electroscope, and after having been charged, was 
illuminated by light from an arc lamp. If the charge was 
negative, the gold leaves commenced to collapse as soon as light 
fell upon the plate; if the charge was positive, no effect was 
produced. The action was found to be due principally to the 
ultra-violet rays, as in the experiments of Hertz. Similar results 
were produced by the light from burning magnesium ribbon. 

The phenomenon was traced to an action of the light on the 
surface of the charged body. No action of the light on the 
medium (air) in which the body was placed could be detected. 
A polished zinc plate was from 40 to 50 times as active as an 
old plate of the same material. Iron was less active than zinc, 
and zinc less active than aluminium. Hallwachs concludes that, 
when a negatively electrified metal plate is illuminated, negatively 
electrified particles travel away from it and follow the lines of 
force of the electric field. 

At the close of his article in the Anna/en Hallwachs mentioned 
that “metal plates become electrostatically charged when 
irradiated with the electric light.” This was confirmed shortly 
afterwards! by suspending a metal plate, connected with a 
Hankel’s electrometer, inside an iron cylinder. 

‘“The case was of rusty iron, so that the contact potential 
against the plates to be suspended was always negative. In this 
case only could the rises of potential indicated by the electrometer 
be indubitably explained. For if the plate had been negative to 
the case, a rise of negative potential would have occurred, due to 
the transport of negative electricity by the illumination. If the 
plate, however, was positive towards the case, and therefore 
possessed a positive charge, an increase of potential could only be 
due to the fact that positive electricity was produced on the plate 
by irradiation.” 

In the case of zinc, brass, and aluminium with brightly 
polished surfaces, positive electricity occurred on irradiation. 
The maximum potential with zinc amounted to over a volt, with 
brass to about a volt, and with aluminium to 0°5 volt. 

As we have seen, Hallwachs merely connected the plate 


1Hallwachs, Gottinger Nachrichten, May 1888; Phil. Mag., 5, 26, pp. 78-80, 
July 1888, 
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under examination to an electroscope. Righi and Stoletow 
almost at the same time devised a new method for studying the 
discharge of bodies charged to a low potential. They placed a 
metallic grating or net parallel to and a few millimetres away 
from the metallic plate. Righi connected the two conductors 
to the two pairs of quadrants of an electrometer. Stoletow 
connected the plate to the negative pole of a voltaic pile, and the 
grating to the positive pole of the pile, inserting a sensitive 
galvanometer to measure the current. 

Righi’ placed a vertical metallic disc A (Fig. 2) not far from 
a parallel metal net B. A is in connection with one set of quad- 
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rants of an electrometer, B in connection with the other quad- 
rants and with earth. If A is put to earth for an instant and 
then illuminated with magnesium light or the arc, a deflection is 
obtained, which reaches its maximum in a time which is shorter 
the nearer the irradiating source, and the larger the surfaces of the 
two metals. ‘The deflection is negative if A is zinc and B brass. 
The same final value is obtained if A is so initially charged as to 
have a greater deflection. 

“If A is very near B, the complete deflection does not change 
if A is suddenly withdrawn from B, which proves that the 


1Righi, R. Acc. det Lincei, March 4, 1888; Phil. Mag., 5, 25, pp. 314-316, April 
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radiation has reduced the two metals to the same potential. It 
follows that this deflection measures the difference of the potential 
of contact between A and B. If B is placed in connection with 
the electrometer instead of A, the deflection is of contrary sign.” 

The arrangement may be called a photo-electric cell. A 
photo-electric battery may be formed by joining such cells in 
series, 

If the net in this experiment is taken away and the plate A is 
illuminated, “a deflection is slowly formed, which is positive with 
the bodies as yet studied.” 


** 


” 
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“There is an electrical convection, provoked by ultra-violet 
radiations, from bodies on which exists an electrical distribution 
of a given sign (negative probably), caused by electromotive forces 
of contact, towards those on which exists an electrical distribution 
of contrary sign (positive) due to the same cause.” 

In Stoletow’s arrangement! the metal plate A is connected 
through a high resistance galvanometer of great sensitiveness to 
the negative terminal of a pile. The grating B is connected to 
the positive terminal of the pile (Fig. 3). When the plate is 
illuminated the galvanometer indicates the passage of a current, 
but if the connections are reversed no deviation of the galvano- 


\Stoletow, Journal de Physique, ii, 9, p. 486, 1890. 
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meter is produced. This would be the case if the plate gives out 
negatively electrified particles under the influence of light. 

Instead of the galvanometer a quadrant electrometer is 
frequently employed, as shown in Fig. 4. 

Stoletow constructed a photo-electric cell, which would supply 
current to an external circuit, by allowing ultra-violet light to pass 
through the openings of a perforated plate and fall upon a second 
plate. He came to the conclusion that the plate upon which the 
light fell must be of the less electro-positive metal, so that the 
contact difference of potential should drive negative electricity 
from the illuminated to the perforated plate. 


“ » xk 
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The conclusions of Righi, Stoletow, and Arrhenius! with 
regard to the formation of a photo-electric cell require some 
amplification. They regarded the current produced as due solely 
to the contact difference of potential between the metals, and 
thought of the air between the plates as an electrolyte which 
reduced the two plates to the same potential. Although this 
contact difference of potential must be taken into account in 
estimating the effect produced, the main action is due directly to 
the light, which liberates negative charges from the illuminated 
plate, so giving it a positive potential. This positive potential 


1 Arrhenius, Wied. Ann. d. Physik, 33, p. 638, 1888. 
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may rise sufficiently to overcome the effect of the contact difference 
of potential, so that a current of negative electricity can flow from 
the more electropositive metal.!_ This is found to occur with the 
alkali metals. 

A tube prepared by Fleming,’ containing sodium-potassium 
alloy opposite a platinum electrode, gave rise to an electro-motive 
force of 0°6 volt when illuminated by a concentrated beam of 
light from an arc lantern, The current through a galvanometer 
of resistance 180 ohms was found to be 5°4 microamperes. If 
the effective E.M.F. is the same when the circuit is open and 
closed, this would indicate an equivalent resistance of 74,000 ohms. 
Another cell showed an E.M.F. of 0°45 volt. If the two cells 
were placed in series they formed a photo-electric battery, and 
the E.M.F. was found to be I:o volt. 
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THE EMISSION OF NEGATIVE ELECTRONS IN 
ASVACUUNG 


THE existence of discrete electrical particles or atoms is sug- 
gested by the relations found by Faraday to hold good in 
electrolysis. If we express these results in terms of the atomic 
theory, we may say that the charge carried by a univalent ion 
is independent of the nature of that ion; a divalent ion carries 
exactly twice, and a trivalent ion three times, this quantity of 
electricity. This is in agreement with the supposition that there 
is an electric atom associated with each univalent particle, and an 
appropriate number of such atoms with each particle of higher 
valency. 

The theory of e/ectrons—to use the term proposed by Johnstone 
Stoney to designate the elementary electrical quantity—has 
developed along independent but converging lines. Helmholtz 
and H. A. Lorentz, working independently, showed that it was 
possible to explain the dispersion of light in absorbing media 
on electro-magnetic principles, assuming the presence of such 
elementary charges. Sir Joseph Larmor first showed the possi- 
bility of constructing a model of an atom by means of moving 
electric charges. 

In 1896 Zeeman observed the broadening, and subsequently 
the resolution, of the spectral lines when a luminous source was 
placed between the poles of a powerful electro-magnet. Lorentz 
gave a theoretical explanation of the results on the assumption 
that the light had its origin in the vibration of electrons associ- 
ated with the atoms of ordinary matter. The vibrating electron 
was found to be negatively charged. 

Another line of investigation leading up to the electron theory 
was initiated by the experiments of Varley and Sir William 
Crookes on the kathode rays discovered by Pliicker in 1859. 

. 23 
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When a vacuum tube is exhausted, the negative electrode is 
surrounded by a dark space, the extent of which increases 
as the exhaustion improves. If the dark space extend to the 
walls of the tube, a striking green phosphorescence is produced 
there. Crookes explained this by supposing a stream of nega- 
tively electrified particles, or ‘“‘radiant matter,” to be shot off 
from the electrode. Experiment showed that radiant matter 
travelled in straight lines, so that the interposition of a solid 
object caused the formation of a shadow on the walls of the tube. 
The stream of particles could produce heating and (indirectly) 
mechanical effects, and, as Pliicker showed, was deflected by a 
magnetic field. 

In 1895 Professor Perrin showed that the particles in the 
kathode stream carry a charge of negative electricity, and in 
1897 Professor J. J. Thomson (now Sir Joseph Thomson) com- 
pleted the well-known experiments by which he determined the 
ratio of the charge e to the mass mm, and also the velocity of the 
particles. The value of e/m, the ratio of the charge to the mass, 
was found to be about 10’ E.M.U. per gm.,' and the velocity 
about one-tenth of the velocity of light. In the case of the 
hydrogen atom in electrolysis, e/# is about 10* E.M.U. per gm. 
Thus the ratio was about 1000 times greater for the kathode 
particle than for the hydrogen atom. The charge e carried by 
the kathode particle had not been measured, but it was proved 
later that the charges carried by the ions produced by Rontgen 
rays were the same as those in electrolytic convection; conse- 
quently, if we assume e to be the same in these three cases, the 
negatively electrified particle, or ‘‘corpuscle,” of the kathode 
stream must have a mass roughly 1/1000 (more accurately 
1/1830) of that of the hydrogen atom. 

We turn now to photo-electric phenomena and their bearing 
on the electron theory. Experiment has shown that the dis- 
charge of negative electricity under the influence of light is the 
result of convection. The charge of the illuminated plate is 
carried away by negatively charged particles. At ordinary 
pressures the carriers move slowly and follow the lines of electro- 


1The mean of a number of later determinations of e/m is 1°76r1 x 107 E.M.U. 
per gm. 
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static force, but at low pressures Righi+ found that the velocity 
becomes larger and the path becomes straighter. At ordinary 
pressures the photo-electric discharge is unaffected by a magnetic 
field, but in a good vacuum, as Elster and Geitel? have shown, 
a magnetic field parallel to the charged surface greatly diminishes 
the photo-electric current. These results suggest that the photo- 
electric carriers (“ photo-electric rays ’’) in a vacuum are identical 
with the kathode particles (“‘kathode rays”). in an ordinary 
Crookes tube. This conclusion was supported by further in- 
vestigation. In 1899 J. J. Thomson® determined the ratio of 
the charge to the mass of the carriers of negative electricity, 
when a metal plate in a good vacuum is illuminated by ultra- 
violet light. The value found agreed within the limits of 
experimental error with that for the kathode particle. Further, 
the value of the charge e was determined, and found to be in 
agreement with that of the elementary charge in electrolysis. 

An independent investigation by a different method was 
published by Lenard, who also proved that the photo-electric 
current in a good vacuum was carried by slow kathode rays. 
These results were confirmed by the experiments of Merritt and 
Stewart. The three investigations referred to are of such funda- 
mental importance in the history of the electron theory, and 
in showing the liberation of electrons by light, that they are 
described in some detail in the following pages. 

The most accurate determination of e yet made is due to 
Millikan (1913-1917) and yields the result 


Aa eahO- 2 BO.Us = "1502 x To” EM. U: 


THE EXPERIMENTS OF J. J. THOMSON. 


Determination of e/m.—The determination of e/m involves a 
knowledge of the effect of a magnetic field on the path of an 
electrified particle moving in one plane. 

Consider the motion of a particle of mass m, carrying a 
charge e, when there is a magnetic field of strength H perpendi- 
cular to the plane of motion, and an electric field E in that plane. 

1 Righi, Mem. della Reale Acad. di Bologna, (4), 9, p. 369, 1888. 


+Elster and Geitel, Wied. Ann. d. Physik, 41, p. 166, 1890. 
3J. J. Thomson, Phil. Mag., 48, p. 547, 1899. 
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In consequence of the electric field there will be a mechanical 
force on the particle of amount Ee, and this will produce an ac- 
celeration Ee/7 in the direction of the field. 

In consequence of the motion of the charge in the magnetic 
field there will be a mechanical force on the particle of amount 
Hev, where v is the velocity of the particle at any instant. This 
force acts at right angles both to the magnetic field and to the 
direction of motion, and will produce an acceleration Hev/m. 

By writing down and integrating the equations of motion, it 
can be shown that, when the particle is liberated without appreci- 

A able velocity, the path it de- 
scribes is a cycloid.t Professor 
W. B. Morton?” has given an 
elegant elementary proof of 
this result. 

Let! «thes circléspim’ | the 
figure roll along the horizon- 
tal straight line with constant 
angular velocity . Then at 
any instant the point of con- 
tact A of the circle with the 
line on which it rolls is at 
rest. A is the point of zero 
velocity. The centre C traces 
out a straight line with constant velocity. C isthe point of zero 
acceleration. 

The velocity of P, any point in the plane of the circle, is its 
velocity relative to A, and consequently is given by v = wAP in 
a direction perpendicular to AP. 

The acceleration of P is its acceleration relative to C the 
point of zero acceleration, and equals w’PC along PC. 

This may be resolved into two components :— 


(1) ow PA along PA = wv along PA, 
(2) w’AC along AC = o’a = a constant. 


Fig. 5. 


The first component is perpendicular to the direction of 


1 The analytical investigation is given in Appendix IV (p. 285). 
2? W. B. Morton, Proc. Phys. Soc., Lond., 21, p. 300, 1909. 
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motion, and may be identified with the acceleration due to a 
magnetic field perpendicular to the plane of the diagram. 

The second component may be identified with the acceleration 
due to an electric field parallel to AC. 


Hence wv = Hev/m, 
and wa = Eelm. 


Thus wa, which is equal to the velocity of C, = E/H, 
and a, the radius of the circle, = Ex/H7’e. 


So we see that, in the general case of a particle projected in 
any manner in a plane perpendicular to the Ber uee field, the 
path is given by the point P on 
the rolling circle—in other words, 
the path is a trochoid. When 
the point Pis on the circumfer- 
ence of the circle, its velocity 
vanishes when it is at the point 
of contact with the fixed line. 
In this case the path is a cycloid. 

Suppose a metal plate AB, 
Fig. 6, is placed parallel to and a 
small distance away from a larger 
metal grating CD, so that it can 
be illuminated by ultra-violet 
light passing through the meshes. 
If an electric field is applied so 
that the particles emitted by AB 
are urged towards the grating, 
the rate at which CD receives a 
negative charge can be meas- 
ured by a quadrant electrometer. 
When a transverse magnetic field 
is applied at the same time as the electric field, a particle 
emitted from AB with a negligible velocity would describe 
a cycloid. If this cycloid intersects the grating CD, the particle 
would give up its charge to the quadrants in connection with the 
grating ; but if the distance between AB and CD is increased 
to a value greater than the height of the cycloid, the particle 


Fic. 6. 
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would never reach CD. Thus we should expect a sudden di- 
minution in the rate of leak when the distance between AB and 
CD becomes greater than 2a = 2Em/H’e. 

In an actual experiment the distance between the plates was 
fixed and the strength of the electric field was varied, so as to 
find the strongest field at which any effect due to the magnetic 
field could be detected. 

The simple theory indicates an abrupt transition from the 
case when the magnetic field produces no effect, to that in which 
it entirely stops the flow of negative electricity to CD. This 
abrupt transition was not realised in practice. In order to ex- 
plain this result Thomson supposed that the ions were not formed 
exclusively at the surface of the metal, but throughout a thin 
layer of gas in contact with the plate, in consequence of collisions 
between the ions first formed and the molecules of the gas.! 

The apparatus used in these experiments is shown in the 
diagram. The plate AB is a circular disc of polished zinc about 
I cm. in diameter. CD isa grating formed of fine wires with a 
mesh about 1 mm. square. EF is a quartz plate about 4 mm. 
thick. The plate and grating are enclosed in a glass tube which 
could be exhausted by a mercury pump fitted with a McLeod 
gauge. The pressure in the apparatus was reduced to 1/100 of 
a millimetre of mercury. At this pressure the mean free path for 
a molecule of air would be 7°6 mm., while the distance between 
the plate and the grating was never made greater than 4 mm. 

The experiments gave a mean value for e/m equal to 7°3 x 10° 
E.M.U., which is not very different from the value previously 
found for kathode rays. 

Determination of the Elementary Charge e—The carriers of 
negative electricity produced by ultra-violet light have a special 
interest as furnishing the first ions for which it was possible to 
determine by direct experiment the values both of e/m and of e. 

The method of measuring the charge on the ion produced by 
the action of ultra-violet light on a zinc plate is described by 
Thomson in the paper already referred to. It is similar to that 


1In view of our present knowledge it seems more probable that the result in 
question is due to the fact that electrons were leaving the zinc plate with various 
velocities corresponding to the different frequencies of the unresolved light. 


EMISSION OF NEGATIVE ELECTRONS IN A VACUUM 29 


previously used to determine the charge on the ions produced in 
a gas by Rontgen rays. It depends on the fact, discovered by 
C. T. R. Wilson, that the ions from the zinc plate form nuclei 
for the condensation of water vapour in dust-free air when the 
supersaturation exceeds a definite value. This furnishes us with 
the means of calculating the number of ions present in I c.c. of 
air. By a sudden adiabatic 

expansion the air is cooled 

sufficiently for the water 

vapour to condense round 

the ions, forming a cloud. 

The rate at which the cloud 

falls is observed, and the 

radius of a drop is calculated 

by using the formula of Sir 

G. G. Stokes for the fall of 

a sphere in a viscous fluid. 

Knowing the degree of TIN 
expansion employed and the N iN 
volume of the vessel, we can 
determine the total mass and 
volume of the water in the 
cloud. So, as the size of 


each drop has been found, ci \\\ B 


my, 


wae 
3 aa 


we get the total number of 1 
drops in the cloud, which ae 
is the same as the number | 
of ions present, provided c 
these are not too numerous. eee 
Since the total charge carried 
by the ions can be measured 


Fic. 7. 


with a quadrant electrometer, we are now in a position to 
determine the charge on each ion. 

The chamber employed is shown in Fig. 7. The tube LK 
on the left of the diagram was connected to the apparatus for 
producing the sudden expansion. 

In order to obtain consistent results the intensity of the 


1C, T. R. Wilson, Phil. Trans., A, 189, p. 265, 1897. 
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light used must be small. The light passed upwards through 
the base of the vessel—a quartz plate about 0°5 cm. thick— 
then through a layer of water about 1 cm. thick, and fell 
on the zinc plate, which was 1:2 cm. above the water. 

The mean value found for e was 6°8 x 107" E.S.U. 


THE EXPERIMENTS OF LENARD. 


Experiments carried out by P. Lenard! about the same time 
led him to the conclusion that an emission of kathode rays takes 
place in a high vacuum under the influence of ultra-violet light. 
Earlier experiments had suggested that heavy material particles 
might be the carriers of electricity, but further investigation 
showed that this explanation was not sufficient. For example, 
a surface of sodium amalgam in hydrogen gave out 2:9 x 107° 
coulombs of negative electricity on being illuminated for some 
time, yet no sodium could be detected on a charged platinum 
wire placed near it. 

Lenard first examined the relation between the photo-electric 
current and the potential difference when the illuminated surface 
was ina high vacuum. The results are shown in the following 
table :— 


Potential of Illuminated Electrode. Electricity Discharged per Second. 
— 45000 volts 24°5 x 10—!9 coul./sec. 
— 25000 26°6 

— 8900 22°5 
— 4100 24°38 
— 1300 24°5 
> fee) 23°4 
— 120 21°9 
= Me 19°9 
9 15°9 

fe) 4 

an 38 4 

+ 2°1 co) 


‘Lenard, Wien. Ber., 108, p. 1649, 1899; Ann. d. Physik, 4, 2, pp. 359-3755 
Ig00. 


EMISSION OF NEGATIVE ELECTRONS IN A VACUUM 31 


1. In the first part of the table the quantity of electricity 
discharged per second is independent of the potential. (This 
potential was not of itself sufficient to produce any discharge.) 

2. When the potential falls below 100 volts the current 
diminishes. Lenard explains this by supposing that, when the 
potential difference is insufficient, part of the electricity already 
liberated by the light returns again to the electrode. 

3. In the third part of the table the quantity discharged per 
second falls to zero for a positive potential of 2°1 volts, which 
is the same as the insulated plate would attain when illuminated 
by ultra-violet light. 


Fic, 38. 


The vacuum tube employed in these experiments is illus- 
trated in the diagram, Fig. 8. 

The aluminium electrode U was illuminated ‘by light from 
a spark between zinc terminals, through the quartz window B. 
The electrode E, which was connected to earth, was provided 
with an aperture 5 mm. wide through which the photo-electric 
rays passed. 

When there is no magnetic field, a receives a negative charge. 
By passing a current through coils, indicated by the dotted 
circle, placed on either side of the tube, @ receives a charge 
while a does not. This is what we should expect if kathode 
rays started from U and travelled down the tube. 
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Let P denote the potential of the illuminated electrode in 
electromagnetic units, 
v, the velocity of a particle on leaving the electrode, 
v the velocity acquired in the electric field. 


Then $(v? — v,”) = Pe. 


In a magnetic field H the particle describes a curve of radius 


Putting H = H,C, where C is the current through the coils in 
amperes and H, the field due to one ampere, and assuming that 


the initial velocity v, is small, we get 
le é 
e2=4H,K*— =a constant 
C? a Mm 


The following table gives the experimental results :— 


P © Rs Leer bee eal 
C2 m  C2° Hy2R2° HH RC: 
607 x 108 0°65 144 x 10° Lia) LO” Gur2ae LO 
4380 1°78 138 Tis 0°32 
12600 2°94 146 1r°8 0°54 


The initial velocity of the particles can be determined from 
a knowledge of P,, the positive potential (2°1 volts) which the 
electrode must have to cause the particles to return to it. 


For 4mv, = Poe 
Uo = nf 2Poe/m. 
This gives UY = 10° cm./sec. 


These experiments show that, in a vacuum, kathode rays 
(negative electrons) are given off by the illuminated surface. 


THE EXPERIMENTS OF MERRITT AND STEWART. 


Merritt and Stewart’ carried out experiments showing 
“the development of kathode rays by ultra-violet light” 
about the same time as Lenard. Their experiments on the 


1 Merritt and Stewart, Physical Review, 11, pp. 230-250, 1g00. 
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magnetic deflectability of the photo-electric rays are similar 
to those of Lenard, and, like the latter, give a direct proof 
that the rays are deflected by a magnetic field. The apparatus 
used is shown in Fig. 9. 

The kathode K, of zinc, kept at a potential of about 1000 
volts by means of a dry pile, was at the bottom of the tube, the 
anode A being a ring of aluminium. The kathode was illumin- 
ated by light coming through the quartz window Q from a spark 
between zinc terminals. The three electrodes, L, M, R, were 


FIG. 9. 


fixed at the top of the tube, and the rate of change of potential 
of each electrode could be measured by a Kelvin quadrant electro- 
meter. 

With no magnetic field M received a negative charge. When 
a weak magnetic field was applied at right angles to the plane of 
the diagram and directed away from the observer, the charge 
received by R was increased while that received by M was 
diminished. When the field was reversed, the charge received by 
M was the same as in the previous case, but the increased charge 
was now found at L instead of at R. 

In order to obtain a sharply marked effect the strength of the 

3 
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magnetic field must lie between rather narrow limits. These re- 
sults show that the photo-electric rays are magnetically deflected, 
and the deflection corresponds to that observed in the case of 
kathode rays. 

The deflection produced depends on the potential of the 
kathode, the photo-electric rays becoming “ stiffer” as the 
potential of the kathode is increased. 

Merritt and Stewart formed the opinion that, in addition to 
the charged particles similar to those in the kathode rays, heavier 
and more sluggish ions are also present. These are attributed to 
the ionisation of the residual gas in the tube. They suggest that 
the presence of these slowly-moving ions affords an explanation 
of the partial discrepancy between theory and experiment in 
Thomson’s work, 


LATER EXPERIMENTS ON THE VALUE OF e/m. 


Alberti! experimented on electrons from a copper plate 
illuminated by a mercury-vapour lamp, and asa mean of 129 
observations using an accelerating electric field and a deflecting 
magnetic field found for the specific charge e/m the value 
1756 x 10’ E.M.U. per gram. Measurements in the Reichsan- 
stalt showed that this value should be increased to 1°765 x 10% 
E.M.U. per gram, in good agreement with other determinations. 


Alberti, Ann. d. Physik, 39, pp. 1133-1164, 1912. 


CHAPTER IV. 
METHODS OF MEASUREMENT 


HAVING proved that corpuscles or electrons are liberated in a 
vacuum when a polished metal plate is illuminated by ultra-violet 
light, we proceed to consider in the present chapter the methods 
that have been employed to measure the velocity of emission, and 
the number of electrons emitted. 


THE VELOCITY OF THE ELECTRONS. 


We have seen that Lenard measured the initial velocity by 
finding the positive potential that must be given to the electrode 
to prevent the electrons from leaving it. This gives us informa- 
tion only as to those electrons whose velocity is a maximum. 
It is desirable to investigate the case of those electrons which 
are emitted from the electrode with velocities less than this 
maximum. For this purpose we require to know the form of the 
“velocity distribution curve.” 


VELOCITY DISTRIBUTION CURVES. 


In his classical experiments in a high vacuum Lenard! 
determined the variation of the quantity of electricity discharged 
per second with the potential difference applied. The illu- 
minated plate U (Fig. 8) was of aluminium coated with 
turpentine black. The following table illustrates the results 
obtained. In the first part of the table the potential difference 
was applied so as to increase the velocity of the electrons leaving 
the plate U, in the second part the electric field tended to drag 
them back to the plate. In each case the quantity of electricity 
per unit time is referred to. 


1 Lenard, Ann. d. Physik, 8, pp. 149-198, 1902. 
35 Vk 
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Variation of Quantity of Electricity with Potential Difference. 


Distance UE = 10 mm. 


Accelerating Force Retarding Force 
(Carbon Arc, also Sparks). (Carbon Arc), 
P.D. in Discharge Charge P.D. in Discharge Charge 
Volts. from U, reaching E. Volts. from U. reaching E. 
Xx U. E X. U. E. 
100 1°00 I°00 — 0°66 o'162 0°029 
10 0°94 0°96 — 08 = 0°0094 
2 0°85 0°84 — I'0 0°082 0*000 
I 0'79 o'81 -— 1'2 — O°'0041 
0'°5 0°73 o'74 — 14 — 0°0065 
03 0°65 ane — 18 ae — 0:0072 
o'2 0°55 — 2°4 0°0000 eae 
fe) 0°40 0°34 — 3°0 — 0'0026 — 0°0071 


Current: 


Potential Difference 


Fic, ro. 


If these results are plotted, taking potentials as abscissee and 
photo-electric currents as ordinates, we obtain the curves shown 
in the figure, where the continuous line refers to the charge 
leaving U and the dotted line refers to the charge reaching E. 
Such curves are called velocity distribution curves. In these 
curves we may distinguish five stages, which are indicated by the 
Roman numerals at the base of the diagram. 

I. With a large retarding field, electrons leaving U under the 
influence of the light are dragged back again before they have 
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travelled an appreciable distance from the plate. In this stage 
both U and £ would have zero values, were it not for some light 
being reflected from U to E and producing a small discharge 
from E to U. Consequently & and U are negative. 

II. In the second stage, with a smaller retarding field, electrons 
are able to escape from U but do not reach the plate E. Conse- 
quently U has a small positive, & a small negative value. 

III. When the retarding field is still smaller, some of the 
electrons emitted from U reach the plate E instead of the glass 
walls of the apparatus, and / assumes a positive value. 

IV. When an accelerating field is applied the two curves 
practically coincide. 

V. In the final stage, with a large accelerating field, the two 
curves become nearly horizontal. 

It will be seen that the effects are complicated by light reflected 
from the surface of the electrode U and falling upon E, where 
it produces electron emission. The fraction of the incident light 
so reflected was estimated in various cases. It depends on the 
source of light and the surface of the electrode. When this frac- 
tion is known, the observed curve can be corrected so as to give 
results free from the influence of reflected light. 

Such a curve will have a null point for a certain value of the 
retarding field. The potential difference is then just sufficient to 
destroy the velocity of those electrons which are emitted with 
the greatest velocity. For any retarding field the photo-electric 
current may be taken as a measure of the number of electrons 
possessing velocities greater than that which corresponds to the 
particular potential difference. If V is the potential difference 
just sufficient to destroy a velocity v, we have 4mv°* = Ve, or 


v= ,/(2Ve/m). 
If V is measured in volts, and e/m in E.M.U. per gram, this 
means 
Uieex/ (2%, 10 Ve/m). cm. /sec. 

Thus, taking e/m = 1761 E.M.U. per gram, the velocity 
w = 5:93 x 10’ cm./sec, for V = 1 volt. See the Table in 
Appendix III, p. 284. 

Lenard calculated the relative number of corpuscles emitted 
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with any assigned velocity from plates of carbon, platinum, and 


aluminium. 
Carbon. Platinum. Aluminium, 
Corpuscles emitted with velocities 
between— 
12 and 8 x ro’ cm./sec. 07000 0'000 0004 
8 and 4 x Io” cm./sec. 0°049 0°155 O°151 
4 ando x ro’ cm,/sec. 0 67 0°65 0°49 
Corpuscles emitted only with an 
external field 0°28 0°21 0°35 
I‘00 I'00 1°00 


The velocity distribution curves obtained experimentally are 
liable to distortion from several causes besides that due to light 
reflected from the illuminated plate. 

The earlier investigators were much exercised by the question 
of the reflection of elec- 
trons from the electrodes 


Current 


or walls of the containing 
vessel. It is safe to say 
that many of the anomalies 
attributed to such reflection 
were in reality due to the 
existence of a ‘space 
charge,” that is an ac- 
cumulation of negative 


Retardt Accelerati, 
ced D . ie ee) electrons between the elec- 
Bestar trodes. The mutual re- 


pulsion of these electrons 
produces effects which have long been recognised, particularly in 
connection with the discharge of electricity from hot bodies.’ 
The reflection of electrons from metal surfaces has been denied by 
Millikan and Barber? who say :—‘ Contrary to current belief 
there appears to be no such phenomenon as the dvvect reflection of 
an electron from a copper surface, or if the phenomenon exists at 


See the article on Thermionics in the Dictionary of Applied Physics, Vol. 11, 
p. 878 (Macmillan, 1922). 
2 Millikan and Barber, Nat, Acad, Sci. Proc., 7, pp. 13-18, 192i. 
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all, the number so _re- 
flected at potentials less 
than the ionising poten- 
tial is negligible.” It is 
at least clear that we do 
not yet possess adequate 
knowledge of the laws 
of electron reflection by 
metals.! 

O. v. Baeyer? sup- 
posed that electrons may 
undergo reflection from 
the sides of the case even 
when travelling with 
small velocities. To pre- 
vent these reflected elec- 
trons from reaching the 
plate under test, he sug- 
gested the use of a per- 
forated screen and an 
auxiliary field. Laden- 
burg and Markau® pro- 
tected the receiving plate 
by means of a shield of 
wire gauze which was 
given a permanent nega- 
tive charge. The effect 
on the velocity distribu- 
tion curve attributed to 
reflection of electrons is 
illustrated Jin. Fig. 11. 
If the illuminated plate 
emits electrons with velo- 
cities ranging from a 
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1 According to Langmuir (Science, 58, pp. 398-400, 1923) elastic reflection of 
electrons from a metal surface can in some circumstances be induced by light. 

20. v. Baeyer, Verh. d. Deutsch. Phys. Ges., 10, p. 96, 1908. 

8Ladenburg and Markau, Phys. Zeitschr., 9, pp. 821-828, 19038; Verh. d. 
Deutsch. Phys. Ges., 9, p. 562, 1908. 
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maximum down to zero, a curve such as ABC would be obtained, 
The curve, as modified by the reflection of electrons, would be 
AéC. When the plate and the case are at the same potential, 
Od would represent the actual photo-electric current, OB the 
current of electrons reflected back from the case. Two of the 
curves obtained by Ladenburg and Markau are reproduced in 
Fig. 12. Curve I was obtained with, and curve II without the 
use of the negatively charged gauze. 

When a perforated screen and an auxiliary field are used, 
Compton ! has shown that the gauge is not a perfect shield, and 
there is a stray field through the apertures, This produces a 
shift of the curves to the left, 
but it is possible to calculate 
D Cc the value of this effect and 
apply a suitable correction. 

A simple method of elimi- 
nating errors due to the re- 
flection of electrons, without 
using an auxiliary field, has 
been devised by Richardson 
and Compton.? This is de- 
scribed in Chapter X. 

Hughes*® has pointed out 
that, whenever an electron 
approaches a boundary obliquely, the potential difference just 
necessary to stop it is less than that potential which corresponds 
to its actual velocity. Heconcludes that the velocity distribution 


Current 


Retarding oO Accelerating 


Potential 
PIG en3 5 


curve for electrons leaving a point with equal velocities, instead 
of being ABDC would be AdDC, Fig. 13. 

Hughes has also examined the effect of weak magnetic fields 
(such as the earth’s field) on the form of the curve. Some of the 
slower electrons would describe curved paths in the magnetic 
field and never get away from the illuminated plate. This point 
was investigated experimentally by applying a magnetic field so 
as to assist or oppose the earth’s field. It was found that, for 


1Compton, Phil, Mag., 23, pp. 579-593, 1912. 
? Richardson and Compton, Phil. Mag., 24, pp. 575-594, 1912. 
3 Hughes, Phil. Trans. Roy. Soc., 212, pp. 205-226, Ig12. 
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velocities corresponding to a fall of potential of 0:7 volt (and 
above), the effect of the earth’s field (resultant strength 0°5 gauss), 
on the maximum velocity can be ignored. 

In estimating the value of the potential difference for a 
velocity distribution curve, it is necessary to take into account 
any contact difference of potential that may be present owing to 
the use of different materials for the illuminated plate and the 
surrounding case. Attention has been drawn to the importance 
of this correction by K. T. Compton.!. The electrons moving 
between the emitting and receiving plates are acted on by the 
force due to the contact difference of potential, as well as by the 
externally applied field. The curve for the electropositive metal 
falls to the left of the curve for the electronegative. By displacing 
the curves through a distance equal to the measured contact 
difference of potential the curves for different metals become 
nearly identical, showing that different metals, when illuminated 
with ultra-violet light from an iron arc, give off electrons with 
practically equal velocities. We shall see later that the velocities 
for different metals are not exactly equal. 


THE PRESENCE OF A SUDDEN BEND IN THE VELOCITY 
DISTRIBUTION CURVE. 


In 1902, Lenard mentioned that he found experimentally a 
sharp bend in the velocity distribution curve in the neighbourhood 
of the axis of zero volts. This he explained theoretically as 
being due to the existence of surface forces acting upon the 
electrons only when they were within a small distance of the 
surface. His theory indicated that the curve should consist of 
two distinct branches meeting each other nearly at right angles. 

Singularities of this kind are to be noticed in the curves 
obtained by A. Lienhop? in the course of an investigation on 
photo-electric action at low temperatuies. 

On the other hand, Ladenburg and Markau® found the sharp 


1K, T. Compton, Phil. Mag., 23, pp. 579-593, 1912. 

®Lienhop, Ann. d. Physik, 21, pp. 281-304, 1906. 

3 Ladenburg and Markau, Phys. Zeitschr., 9, p. 821, 1908; Verh. d. Deutsch. 
Phys. Ges., 10, p. 562, 1908, 
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bend in the curve vanished when they used in one experiment 
an auxiliary field and in another a Faraday cylinder. 

A. Klages! made a special examination of the velocity 
distribution curves for mercury and for zinc amalgam in the 
neighbourhood of zero potential, and came to the conclusion 
that there was a sharp bend present even when the reflection of 
electrons was prevented. 

In order to explain these contradictory results special experi- 
ments were carried out by Gehrts,” who used a copper plate as 
kathode. By increasing the distance between the illuminated 
plate and the plate receiving the electrons in a suitably designed 
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apparatus, it was possible to diminish gradually the effect due to 
reflection. When this was done, it was found that the bend in 
the velocity distribution curve became less and less distinct, and 
finally vanished altogether when the distance between the plates 
was made sufficiently great. 

O. v. Baeyer and A, Gehrts* examined the velocity distribu- 
tion curves obtained with a surface of soot, when the apparatus 
was so arranged as to diminish any effect due to reflection of 


1A, Klages, Ann. d. Physik, 31, pp. 343-364, 1910. 
*Gehrts, Ann. d. Physik, 36, pp. 1016-1026, rg11. 
°y, Baeyer and Gehrts, Verh. d. Deutsch. Phys. Ges., 12, p. 870, 1910. 
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electrons hy increasing the distance between the illuminated plate 
and the reflector. 

Curve I (Fig. 14) shows the velocity distribution when the 
distance between the plates is 7 mm. There is a distinct bend in 
this curve for a field just greater than zero. The maximum 
initial velocity given by the curve corresponds to 1°2 volts. 

Curve II corresponds to the case when the distance is 
increased from 7 mm. to 90 mm. There is no sharp bend in this 
curve, which gives an initial velocity corresponding to a fall of 
potential of 2°7 volts. 

As Hughes has pointed out, it is difficult to see why reflection 
of electrons should influence the maximum initial velocity, and 
in the light of our later knowledge it is doubtful whether this is 
the correct explanation of the observed bend. 


THE RESULTS OF EXPERIMENTS ON THE VELOCITIES OF 
PHOTO-ELECTRONS. 


We shall consider in later chapters the application of these 
velocity distribution curves to the discussion of the influence of 
temperature and of illumination on the photo-electric effect, but 
it will be convenient to mention at this point some of the in- 
vestigations on the forms of the curves and the initial velocities 
of the electrons. 

The difficulty of obtaining a perfectly clean surface in a 
vacuum was overcome by A, Klages,’ who experimented with a 
surface of mercury or of an amalgam, which could easily be re- 
newed even in a high vacuum. The velocity distribution curves 
for mercury and for zinc amalgam gave values for the maximum 
initial velocity which were nearly the same. When a quartz 
mercury lamp was used as a source of light, this value corre- 
sponded to a potential difference of 2:3 volts. When a plate 
of calc spar was placed in front of the quartz window of the 
apparatus, the velocity fell to a value corresponding to 1°5 volts. 
The maximum photo-electric current obtained from mercury was 
practically the same as that obtained from zinc amalgam or from 
tin amalgam. 


1A, Klages, Ann. d. Physik, 31, pp. 343-364, Igro. 
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Experiments were carried out by v. Baeyer and Gehrts! with 
copper, silver, and gold. The investigators found that the con- 
dition of the surface had very marked influence on the initial 
velocity of the electrons, as well as on the number discharged. 
Fatigue effects were much in evidence in these experiments, and 
were attributed to the presence of gaseous films. The initial 
velocity determined when the surface was as clean as possible 
corresponded to a potential difference of 6°3 volts. This value 
is in fair agreement with the value calculated from the Planck- 
Einstein theory (Chapter XI) for a wave-length of 200 pp. 

Richardson and Compton” have obtained interesting results 
from velocity distribution curves in the case of the metals 
platinum, aluminium, zinc, bismuth, magnesium, tin, and copper. 
In these experiments the metal surface was scraped with a clean 
knife-blade before the exhaustion of the vessel in which the test 
was carried out. 

Calcium, magnesium, cadmium, zinc, lead, bismuth, anti- 
mony, arsenic, and selenium were examined by A. LI]. Hughes? 
and the maximum initial velocities of the electrons from them 
determined. The metallic surfaces were obtained by distilla- 
tion of the metal in a very high vacuum. 

An important innovation was made by Millikan‘ in his deter- 
minations of emission velocity. He did not attempt to locate 
experimentally the retarding potential, which would just prevent 
the escape of an electron from the illuminated metal to the 
receiving gauze. Instead he employed an extrapolation method, 
plotting the values for the distribution of velocity curve in the 
neighbourhood of the null point, and then locating that point 
graphically by extending the curve backward to obtain the 
abscissa intercept. In this way he found a definite maximum 
velocity of emission for photo-electrons, When carrying out such 
experiments with monochromatic illumination it is essential that 
all shorter wave-lengths should be removed by filtering.® 


ly, Baeyer and Gehrts, Verh. Deutsch. Phys. Gesell., 12, p. 870, 1912. 
? Richardson and Compton, Phil. Mag., 24, pp. 578-594, 1912. 

* Hughes, Phil. Trans. Roy. Soc., A, 212, pp. 205-226, 1912. 

4 Millikan, Phys. Rev., 7, pp. 18-32, 355-388, 1916. 

5 Piersol, Phys. Rev., 23, pp. 144-152, 1924. 
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The results of all these experiments will be considered in 
connection with the influence of the wave-length of the light on 
photo-electric effects. 

Another method of determining the photo-electric distribution 
of velocity is that in which the emitted electrons are deflected by 
a uniform magnetic field perpendicular to their direction of 
motion. They then travel in circular orbits for which the radius 
is directly proportional to the velocity and inversely proportional 
to the strength of the magnetic field. This method, used by 
Schuster for cathode rays and by Lenard for photo-electrons, has 
been employed by Ramsauer,' who experimenting with zinc, 
brass, and gold, formed the opinion that a definite maximum 
velocity does not exist. 

Klemperer” has carried out in the same apparatus experiments 
by Lenard’s method employing an opposed electric field and by 
Ramsauer’s method of magnetic deflection. He concludes that 
Ramsauer’s results are disturbed to a considerable extent by 
electronic reflections which explain the asymptotic fall in his 
curves. A well-defined maximum velocity is found to exist, thus 
confirming the conclusion previously reached by Millikan.? The 
number of electrons of high velocity is, however, very small. 


THE DIRECTION OF EMISSION OF PHOTO-ELECTRONS. 


If a flat metal plate is illuminated from the front, it is of 
interest to determine how the emission of electrons depends on 
the angle of emission. It is not to be expected that all the 
electrons should leave the plate in the direction of the normal to_ 
the surface. Lenard,‘ in fact, observed that the electrons leave 
the surface in different directions. Hughes® came to the con- 
clusion that the emission is the same for all angles, but this is 
not in harmony with measurements carried out by Robinson ° 
on different metals for the special purpose of examining this 
point. These measurements were undertaken in order to test a 


1Ramsauer, Ann. d. Physik, 45, pp. 961-1002, L12I-115g, 1914. 

2 Klemperer, Zeits. f. Physik, 16, pp. 280-299, 1923. 

3 Millikan, Phys, Rev., '7, pp. 18-32, 355-388, 1916, 

$Lenard, Ann. d. Physik, 2, p. 359, 1900; 8, p. 159, 1902; 12, pp. 453; 777; 1903. 
>Hughes, Phil. Trans., A, 212, p. 205, 1912. 

6 Robinson, Ann. d. Physik, 31, pp. 769-822, 1910. 
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theory put forward by Riecke, who assumed that the emission of 
electrons from an element of the surface was the same for all 
directions included within a certain limiting cone. The experi- 
ments proved that the emission is a function of the angle of 
emission from the electrode. For small values of this angle the 
emission is considerable; it diminishes as the angle increases. 
The emission has been followed up to an angle of 75°, and it 
appears possible that emission may take place almost up to 90’. 
It may be remarked that in the ejection of photo-electrons by 
X-rays there is a strong concentration of electrons ejected nearly 
in the direction of the electric vector of the plane polarised radia- 
tion employed,! 


THE NUMBER OF ELECTRONS EMITTED. 


The methods of measuring photo-electric currents employed 
by the earlier experimenters (Chapter II) have been developed 
and improved so as to yield accurate information as to the 
number of electrons emitted from an illuminated plate. Five 
methods of measurement have been discussed by Ives :? 

(1) by the rate of drift of an electrometer needle ; 

(2) by the ballistic method, or the charge acquired by an 

electrometer after a definite time of exposure ; 

(3) by measuring the potential across the terminals of a high 

resistance in series with the cell ; 

(4) by balancing the photo-electric current against a current 

of a known value ; 

(5) by a sensitive galvanometer. 

The methods and instruments employed resemble or are identical 
with those met with in measurements of ionisation currents due 
to radio-active substances, of which descriptions will be found in 
the text-books referred to at the end of the chapter. 

Method (1).—The connections of the apparatus are shown 
in Fig. 4. Ives* has discussed the use of the quadrant 
electrometer for the measurement of photo-electric currents, and 
has emphasised the importance of keeping in mind the fact that 


1C, T. R. Wilson, Proc. Roy. Soc., 104, pp. 1-24, 1923; F. W. Bubb, Phys. Rev., 
23, PP. 137-143, 1924; Phil. Mag., 49, p. 824, 1925. 
“Ives, Astrophys. Fourn., 39, p. 428, 1914. 3 Ibid., p. 442, 1914. 
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the instrument forms part of the electrical system, and as such 
may exert on the phenomenon under study an effect far from 
negligible. Consequently it is necessary to use with discrimina- 
tion the rate of drift method of measuring current, working on 
the assumption that the electrometer needle moves at a uniform 
rate indefinitely. This is true only to a degree of approxima- 
tion conditioned by the sensibility of the instruments, the 
effective voltage and the character of the current. The method 
is valid only if the relation of sensibility to applied voltage is 
such that the largest charge acquired by the electrometer leaves 
practically unaffected the effective voltage over the cell or other 
device. Neglect of this precaution leads to erroneous results. 


le 
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Further it is necessary to distinguish clearly between the relative 
times necessary to attain the same deflection, and the deflection 
attained in a given time. 

Method (2).—The “ballistic throw” method is preferred by 
many experimenters to the “drift” method. The photo-electric 
cell is exposed to light for a convenient period, say 10 seconds, 
and the charge acquired by the electrometer needle is noted. 
The natural drift of the needle in the same time, when the cell is 
not exposed to light, is subtracted from the observed deflection.’ 

Method (3).—The photo-electric current may be passed 
through a very high resistance, and the potential difference 
between the ends of the resistance measured by an electrometer 


1 Hulburt, Astrophys. Fourn., 42, p. 210, TQ15. 
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or electroscope. Fig. 15 shows a photo-electric cell connected to 
a battery and a high resistance for this method of experiment- 
ing. The anode and the guard-ring are both connected to earth. 
Resistances of the order of 10" ohms may be obtained by using 
mixtures of xylol and alcohol! or, as suggested by Bronson,’ by 
employing gases ionised by radioactive radiations (Fig. 30). 

This method does not seem capable of giving the highest 
degree of accuracy. Allowance must be made for any contact 
potential difference which may arise from the presence of different 
metals in the ionisation vessel. 

Method (4).—In operating a photo-electric cell Coblentz 
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recommends as the most reliable procedure the null method,’ or 
the less complicated equal deflection method.* 

The Research Staff of the General Electric Company °® have 
described a special instrument for use in connection with the 
compensation method of measuring currents of 1o—° amperes or 
less. This consists of a thermionic device for dividing a variable 
current in a ratio very large compared with unity. The small 


1Campbell, Phil. Mag., 23, p. 668, 1912. 

* Bronson, Phil. Mag., 11, p. 143, 1906. 

3 Griffith, Phil. Mag., 14, p. 297, 1907; Richtmyer, Phys. Rev., 29, pp. 71 and 
404, 1909; 6, pp. 66, TgI5. 

4+Coblentz, Bureau of Standards, Scientific Paper, No. 319, p. 524, 1918, 

5 Journ. Sci. Inst., 1, p. 56, 1923. 
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current is used for compensating the unknown current; the large 
current is read on a relatively insensitive instrument. The 
method was developed for the measurement of photo-electric 


currents, and has been used 
to determine how the photo- 
electric current from potassium 
varies with the temperature of 
the filament of a gas-filled lamp 
to the light of which it is ex- 
posed. 

More frequently as in Fig. 
16 the compensating current is 
derived from a second photo- 
electric cell illuminated by a 
constant source, the light from 


which is varied by means of a shutter. 
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An electroscope, indicating o-o1 volt, affords an accurate and 
convenient instrument for use in this method. 


Fic, 18. 


A change in photo-electric current of one part in a thousand 
in a total current of ro~!° amperes can be detected. 

Method (5).—The difficulties appertaining to the use of a 
sensitive electrometer are eliminated when the photo-electric 
current is sufficiently large to be measured by a galvanometer 
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(Fig. 3) In Fig. 17 is shown a photo-electric cell suitably 
connected for this method of measurement. Low resistance 
galvanometers, such as the Einthoven string galvanometer, have 
béen employed. The deflection in millimetres at a distance of 
one metre from the galvanometer for one microampere is stated by 
the Cambridge Instrument Company to be 200 for the Moll gal- 
vanometer (resistance 65 ohms), which has the advantage of being 
very quick in action; 6500 for a Broca galvanometer (resistance 
860 ohms); 8560 for a Paschen galvanometer. Coblentz’ re- 
commends the use of a_ high resistance iron-clad Thomson 
galvanometer (5300 ohms) for measuring photo-electric currents, 
and advocates a carbon resistance of one to ten million ohms in 
series with the photo-electric cell. 

In the tilted gold leaf electrometer designed by C. T. R. 
Wilson and in a modification due to G. W. C. Kaye the gold 
leaf is observed by means of a microscope with micrometer eye- 
piece, and great sensitivity can be obtained for a certain position 
of tilt. For use with a photo-electric cell F. A. Lindemann has 
designed an electrometer, based on the principle of the quadrant 
electrometer, which has a stable zero and does not require levelling. 
The movement of one end of a torsion needle is observed through 
a microscope. The capacity is less than two centimetres. 
All these instruments are made by the Cambridge Instrument 
Company. 

The photo-electric current may be amplified, if necessary, by 
using a thermionic valve, an amplification of 10° being obtainable 
without difficulty. One method of arranging the apparatus is 
shown in Fig. 18. The apparatus must be shielded from elec- 
trical disturbances of high frequency. 
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CHAPTER V. 


THE PHOTO-ELECTRIC CURRENT IN GASES AT 
VWUNTOUS E RESSU hits: 


IN previous chapters we have seen that in a high vacuum 
the photo-electric current consists of a stream of negative 
electrons; these electrons are identical with those in the kathode 
rays of a Crookes tube, but their initial velocity is smaller, being, 
as a rule, not much greater than 10° cm. per sec. The electrons 
travel in straight lines through the vacuum, except when they 
are under the influence of a transverse magnetic field. 

We have now to deal with the processes taking place when 
the illuminated plate is in air or in some other gas. The 
fundamental fact is that discovered by Hallwachs—namely, 
the loss of charge from a negatively charged metal plate when 
illuminated by ultra-violet light. To explain this we assume 
that negative electrons are liberated from the metal under the 
influence of light, not only in a vacuum, but also in a gas at 
ordinary pressures. At atmospheric pressure the free electrons 
soon become attached to molecules of the gas,-and thus form 
centres round which other molecules may collect, so as to produce 
negatively charged ions, which move with comparatively small 
velocities under the action of the electric field. Thus the discharge 
of the illuminated plate is attributed to a process of convection, 
in which negatively charged particles of molecular dimensions 
follow the lines of force of the electrostatic field. 

The properties of the negative ions formed in gases by 
illuminating a metal plate with ultra-violet light have been 
investigated by several physicists." Rutherford* measured 
the velocity of the ions by applying an alternating electric field, 


1 See J. J. Thomson, Conduction of Electricity through Gases. 
2 Rutherford, Proc. Camb. Phil. Soc., 9, p. 401, 1898. - 
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and found the following values for the velocities under a potential 
difference of one volt per centimetre (ionic mobilities) ; 


Gas. Ionic Mobility. 
Air. ‘ : : Pera emuysee: 
Hydrogen . : 7 30 cise. 
Carbonic acid : ; . 0°78 cm./sec. 


Down to pressures of 34 mm. of mercury, the ionic mobility was 
found to be inversely proportional to the pressure of the gas. 
The effect of changes in pressure and temperature upon the 
velocity of the ions has been further studied by Kovarik.' 
Townsend? found the coefficient of diffusion of these negative 
ions to be ‘043 in dry air and 037 in moist air, values practically 
identical with those found for negative ions produced by Rontgen 
rays or radio-active radiations. The rate at which these ions 
diffuse through a gas is small compared with the rate at which 
the molecules of one gas diffuse through another, suggesting 
that several molecules condense round an electron to form a 
single ion. 

So far we have been assuming that the pressure of the gas 
is not far from atmospheric, and that only moderate electric 
fields are employed. When the pressure is reduced, or when 
the strength of the field is increased, fresh possibilities are 
introduced which greatly complicate the phenomena. Under 
certain conditions the electrons may have their velocity aug- 
mented to such a degree as to produce ionisation by collision 
with the molecules of the gas, so giving rise to both positive 
and negative ions. When this occurs, instead of carriers of only 
one sign, carriers of both signs will be available, which will 
move in opposite directions through the field. By increasing 
the strength of the field still further the positive ions can 
bring about ionisation by collision, but this occurs only when 
the potential difference applied is not far short of that required 
to produce a spark through the gas. 

Thus we see that the photo-electric current may arise in 
three ways: (1) The current may be carried by the electrons 


1 Kovarik, Phys. Rev., 30, pp. 415-445, Igro. 
2 Townsend, Phil. Tvans., A, 195, p. 259, 1900. 
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liberated by the ultra-violet light; (2) the current may be 
carried by the ions formed by the adhesion of gaseous mole- 
cules to these electrons; (3) the current may be carried by 
ions produced by collision. The relative proportions of the 
current carried in these three ways will depend on the pressure 
of the gas and the strength of the electric field. In a good 
vacuum practically the whole current is carried by negative 
electrons. As the pressure is increased, less current is carried 
by electrons and a larger proportion by negative ions, and at 
atmospheric pressure the electrons form such ions within a 
very small distance of the illuminated surface, so that the 
whole current is then carried by ions. When, however, the 
electric field is sufficiently increased, the actual value depending 
on the pressure of the gas, ionisation by collision begins to take 
place, and ions of both signs are produced. The negative ions 
move, as before, to the anode, while the positive ions formed 
make their way to the kathode, and are there discharged. 

The remainder of the chapter gives a more detailed discussion 
of these processes. We consider first the case in which only 
moderate electric fields are employed, so that ionisation by 
collision does not occur. The mathematical theory of the 
conduction of electricity by negative ions is first dealt with, 
and then the experimental work on the variation of current 
with potential difference at various pressures is described. The 
latter part of the chapter is concerned with the more com- 
plicated relations that arise when ionisation by collision takes 


place. 


MATHEMATICAL THEORY OF CONDUCTION BY NEGATIVE 
IONS. 


The first question to be considered is the way in which the 
strength of the electric field is affected by the presence of 
negatively charged particles between the electrodes. The result 
may be obtained by employing the well-known equation of 
Poisson, which may be written 

UaeetaN OL, 
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where X, Y, and Z are the components of the electric field, 
parallel to the co-ordinate axes at a point (4, y, 2), and p is 
the density of the free electrification at that point. 

Now consider the case in which the potential varies only 
with x, as when dealing with two infinite parallel plates. 


ax 
di 

The variation of electric intensity with the distance is 
proportional to the amount of free electrification at the point 
(the number of ions per c.c.). 

If we can determine experimentally the distribution of 
potential between the plates, or what is equivalent, the strength 
of the electric field at each point, we can calculate the dis- 
tribution of the electrification. 

Let us assume that the ions present are all of one sign and 
that the velocity of an ion is proportional to the strength of the 
field. Then if « denote the velocity of an ion in unit field, aX 
is the velocity in a field of strength X. 

Let x be the number of ions in unit volume at any point, 
and e be the charge on each ion. Then 7 the current at that 
point through unit area is given by 


Then 


4p. 


t= UX. 
Also, since p = 7, 
aX 
ve = 4THe, 
Eliminating 2 we get 
aX 4it 
27 Se 


When a steady state is reached z is constant, and by integration, 


yeep. Gr 2229 
a 
By means of this equation we can calculate the variation in 
the electric field due to the presence of negative ions between 
the plates. The result of the calculation shows that the field 
is very nearly uniform. 
Stoletow was unable to detect any want of uniformity ex- 
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perimentally. Schweidler found a small variation in the strength 
of the field when the negative plate was illuminated, corresponding 
to an excess of negative ions at each point. 


RELATION BETWEEN THE CURRENT AND THE STRENGTH OF 
WEN IDLING, Ia 


We have seen that the current per unit area flowing between 
two parallel metal plates is 


z= nurXe. 


The negative ions will be moving about in the space between 
the plates like the molecules of a gas. Some of them will strike 
against the negative plate and give up their negative charges to 
it. The number striking against unit area of the plate in unit 
time can be calculated if we assume that the ions are subject to 
the laws of the kinetic theory, so that Maxwell’s law of distribu- 
tion of velocities may be applied. On this assumption the 
number is found to be cuz/,/6q, where ¢ is the average velocity 
(strictly, the “velocity of mean square”) of translation of the 
negative ions.” 

The steady state will be reached when the negative electricity 
given out by the plate in unit time is equal to the sum of the 
charge returned per unit time plus the current through the gas. 


cne 
»/ 60 


where z, is the number of electrons emitted from unit area in unit 


Thus Ne = “+ 2, 


time. 
But née = t/uX. 
ct ‘ 
So ik a + 2, 
/67uX 
ner/OruX 
or ———— 
c + /6ruX 


an equation which determines the coanection between the current 
through the gas and the electric field. 


1J, J. Thomson, Conduction of Electricity through Gases, 2n1 edition, pp. 267- 
268. 
2 [bid., loc. cit., p. 209, 
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For fields so weak that ~X, the velocity due to the field, is 
small compared with the mean velocity of translation of the ion, 


t= ner! OrruX |c 


and the current is proportional to the electro-motive force; for 
stronger fields, as X increases 7 increases less rapidly ; and when 
X is large, the current becomes approximately constant and 
equal to m,e, that is, a saturation value is reached. 

The effect of variations of pressure on the current through 
the gas may be traced from the formula if we know how the ionic 
velocity depends upon the pressure. For moderate pressures the 
value of « was found to be inversely proportional to the pressure. 
For low pressures the results are complicated by the fact that 
ionisation by collision occurs for comparatively weak fields. 


EXPERIMENTAL RESULTS AS TO THE VARIATION OF CURRENT 
WITH PRESSURE AND POTENTIAL DIFFERENCE. 


Measurements of the photo-electric current from a metal plate 
in air at various pressures were made by Stoletow.' The light 
from an arc lamp passed through a quartz plate silvered on the 
inner surface and ruled like a diffraction grating, and then fell 
on a silvered plate the distance of which from the grating could 
be adjusted by a micrometer screw. The current was measured 
by a very sensitive galvanometer. 

At ordinary pressures the current approaches a kind of satura- 
tion as the potential difference is increased, provided the plates 
are only a small distance apart. The diagram (Fig. 19) shows 
the results of these experiments, the unit of potential difference 
being the electro-motive force of a Clark cell. The number 
a + 5 attached to a curve indicates that the distance between the 
plates was + + 5 mm., where vis a small distance, about 1°5 mm. 
From these results Stoletow inferred that the current z is the same 
at all distances d, provided E/d is the same—that is, 7 = f((E/d), 
where E is the difference of potential between the plates. This 
relation no longer holds good when the pressure is reduced. For 


1Stoletow, C. R., £108, p. 1241, 1889; Fournal de Physique, ii., 9, pp. 468-473. 
7890, 
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lower pressures there is no approach to saturation, but for still 
lower pressures saturation is again apparent. 

Stoletow also examined the variation in the current with the 
pressure, keeping the potential difference constant. As the 
pressure was diminished, starting from atmospheric pressure, the 
photo-electric current increased, at first very slowly, then more 


150 


/40 


130 


420 


400 


Current 


O 10 20 30 40 50 60 70 80 90 100 
Potential Difference 


Fic. 19. 


rapidly. At a certain definite p:essure (the “critical pressure ”) 
the current reached a maximum value, and afterwards diminished 
towards a finite limit. The critical pressure f,, can be determined 
by the simple relation /,,¢/E = a constant. If the pressure is in 
mm. of mercury, d in cm., and E in volts, the value of the constant 


iS 1/37 2. 
The curves in the diagram (Fig. 20) illustrate the relation 


58 PHOTO-ELECTRICITY 


between the current and the pressure for three different values of 
the electric field, when the plates are 0°83 mm. apart. The Clark 
cell is again the unit of electro-motive force. At very low 
pressures the current is independent of the potential difference— 
z.é. it is saturated. 

Experiments with a potassium cell prepared by the method of 
Elster and Geitel were carried out by E. v. Schweidler.’ In 
discussing the relation between the current and the potential 
difference three stages may be considered. For potential 
differences up to about 2 volts the current is a linear function of 
the potential difference. From 2 volts up to 70 volts the current 
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increases more slowly, but cannot be said to approach saturation, 
When the potential difference exceeds 70 volts the increase in the 
current is much more rapid. To illustrate these results a typical 
curve is given (Fig. 21) from a later investigation of the same 
author.” In this research the current from an amalgamated zinc 
plate was measured for a wide range of potential differences, and 
for several different pressures. The curve reproduced corre- 
sponds to a pressure of about 17 mm. 

A systematic examination of the dependence of the magnitude 


TE, y. Schweidler, Wien. Ber., 107, pp. 881-909, 1898, 
°Ibid,, 108, pp. 273-279, 1899, 


PHOTO-ELECTRIC CURRENT IN GASES 59 


of the photo-electric current on the pressure and nature of the gas 
by which the illuminated surface is surrounded was made by 
Varley. The method employed was to draw the complete curve 
connecting the current and the potential difference for each 
pressure, keeping the intensity of the illumination as constant 
as possible throughout the series of observations. An arc in 
hydrogen between iron wire terminals was used as the source of 
light, and the constancy of the source was tested by a separate 
apparatus, in which the conditions remained invariable. 
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The results obtained by varying the pressure of the gas are 
illustrated by the curves of Figs. 22 and 23, which refer to 
experiments with a zinc plate in hydrogen. The second figure 
is intended to show more clearly than the first the variation of the 
photo-electric current at very low pressures. Curves of similar 
character were obtained with a platinum kathode in air. 

The conclusion of Stoletow—that when the potential is kept 
constant and the pressure is gradually decreased, the current 


1Varley, Phil. Trans, Roy. Soc., A, 202, pp. 439-458, 1904. 
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increases, reaches a maximum, and then diminishes towards a 
finite limit which is nearly independent of the potential—can be 
verified at once from Varley’s curves in Fig 22. 

The results with regard to the variation of current with 
potential difference may conveniently be described in three stages 
corresponding to the pressure at which the experiments are carried 
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out. At ordinary pressures there exists a more or less flat part 
of the current-E.M.F. curve, corresponding to approximate 
saturation. As the pressure is lowered this flat part becomes 
steeper and steeper, until at a pressure of a few millimetres there 
does not appear to be any approach to saturation. In this 
second stage a small change in the potential difference always 
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produces a large alteration in the current. The third stage is 
only reached at much lower pressures, when we again get an 
approach to saturation. At a pressure of about a tenth of a 
millimetre, depending on the distance between the electrodes, we 
get a true saturation current. This decreases with the pressure, 
and approaches a finite limit as the vacuum is made more nearly 
perfect. 
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In this third stage the mean free path of the ions becomes 
comparable with the distance between the electrodes. As soon 
as this is the case, the number of collisions which can occur 
between electrons shot off from the illuminated plate and gaseous 
molecules becomes very limited, and a small potential gradient 
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is sufficient to cause saturation. At the very lowest pressures the 
curves agree with Lenard’s result that a very large change in the 
potential difference produces no change in the current. 
Experiments carried out in air, hydrogen, and carbon dioxide 
by Varley yielded the following results (Figs. 24 and 25). At 
higher pressures the current is greater in carbon dioxide than in 
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air, and greater again in air than in hydrogen, for all potential 
gradients up to those at which the genesis of ions by collision 
begins. The curves show that this stage begins in hydrogen at 
a much lower potential gradient than in air or carbon dioxide, 
the potential gradient required to cause ionisation by collision in 
these two gases being approximately the same. (The potential 
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gradient necessary for a spark discharge to pass in hydrogen is 
only 0°55 times that required in air.) 

Kreusler’ in 1901 was the first to observe that all metals 
show a remarkably large photo-electric effect in the neighbour- 
hood of the sparking potential. Experiments with zinc, iron, 
copper, silver, platinum, and aluminium all showed this increase 
ina marked degree (Fig. 26), This explains why the material 
of the kathode in the experiments of Hertz had no observable 
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influence on the increase of spark length under the action of 


light. 
IONISATION BY COLLISION. 


The conductivity produced in gases by the motion of nega- 
tively charged ions has been investigated by J. S. Townsend,’ 
who has collected his results in a book entitled Zhe Theory of 


1 Kreusler, Ann. d. Physik, 6, p. 404, Igor. 
2J. S. Townsend, Nature, 62, p. 340, August 9, Tg00, 
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Tonisation of Gases by Collision (Constable & Co.). It is there- 
fore unnecessary to do more than indicate briefly the principal 
conclusions at which he arrived. When the electric field is 


3000 2000 /000 O 
Fic. 26, 


The abscissa measured from O represents the difference between the potential 
applied and the sparking potential, The ordinate represents the photo- 
electric current, 
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increased sufficiently, new ions are produced by collisions between 
ions and the molecules of the gas. At first this effect is due to 
negative ions alone, but when the sparking potential is approached 
the positive ions also produce fresh ions by collision. 

Let X denote the electric force between two plates at a 
distance d apart, so that X = (V, - V,)/d = E/d. Let p be the 
pressure of the gas in millimetres of mercury. If one plate is 
illuminated by ultra-violet light, a certain number, 7,, of negative 
ions will be set free. Suppose each ion in moving through I cm. 
of the gas produces a new negative ions, then a is a quantity 
depending on X, #,and the temperature. For small values of X, 
a is practically zero, unless fis also small. Let 2 be the number 
of ions produced within a distance x from the illuminated plate. 
As these travel a further distance dr from the plate, they will 
produce anzdx new ions. 


Thus dn = andx, 
and therefore w= Noe. 
The total number of ions reaching the positive plate will be 
n= n,6%, 

For different distances between the two plates we have 
My = Np, Ny = No, Ny = Noe, 

Therefore ieee en), oe eu(43— 4a), 

n My 


1 > 
If we choose the distances between the plates so that 


= do tweet te 
Tt, Mn 
This relation was verified by Townsend for air, hydrogen, 
and carbon dioxide at a number of different pressures. The values 
of a can be determined from the results of such experiments. 
This coefficient a, the number of ions of one kind that a 
single negative ion will generate in moving under an electric field 
through a centimetre of the gas, depends, when the temperature 
is constant, on the strength of the field and the pressure. 
Townsend? showed, both by theory and experiment, that it 


satisfies the relation 
a =) 
p srs G * 


1 Townsend, Phil. Mag., 1, p. 637, 1901. 
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By assuming that one pair of ions is formed when the velocity 
at collision exceeds a certain value, and that after a collision 
a negative ion practically starts from rest along its new path, 
Townsend obtains the relation 


_NV» 
ee EN a 


P 
In this equation N, the maximum value of a// is the number 
of collisions that an ion makes in travelling through a distance 
of I cm. in a gas at I mm. pressure, and V is the potential 
difference between the ends of a path along which an ion acquires 
sufficient velocity to generate others by collisions. 
The values of N and V found from the observations are as 
follows :— 
Air N; How) COe Cl Fhe A ~ He 
No 140 [2A bOsmeeG O 1222: Ll 2°O elo ed 
V 25 270. 12001, 9238 10 227 ese as 
NV 365 342 130 406 366 289 235 24°83 
Since z = m,e, the photo-electric current is given by the 


formula 

Ze ce 
F : .-NVpdJE 
or t= tee z 


where z, is the current in the highest vacuum and the field 
strength X is given by E/d. The maximum value of the current 
corresponds to a pressure f,, determined by 


E 
aE = NV = const. 


This is the relation given by Stoletow, and the value of the 
constant obtained by him is in good agreement with the value of 
NV determined from Townsend’s experiments. 

The maximum current z,, is given by the equation 

tm, oan teens: 

A modification of Townsend’s formule has been suggested 
by Partzsch.' Instead of taking into account the whole distance 
@ between the plates in considering the effect of ionisation by 
collision, only the fraction d(1 - V/E) is supposed effective. 


1 Partzsch, Verh, Deutsch. Phys. Gesell., 14, pp. 60-73, 1912. 
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The principal formule then become 


ad(1 = V/E) 
n= N,€ 
a a(x . Viz )pwe NVPAE 
Z = toe 
Bea, 
tee 
while Stoletow’s relation, 
E 
—=NV 
Pm 


remains unchanged. 
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Experiments carried out in air, nitrogen, oxygen, and 
hydrogen show good agreement between the observed values of 
the current and those calculated by means of the proposed 
formula, This is illustrated in the case of air by the curve of 
Fig. 27, where the circles indicate the observed, the dots the 
calculated values. 

5 * 


68 PHOTO-ELECTRICITY 


The values of the constants are given in the following table, 
which also gives the values of L, the mean free path of a gas 
molecule at I mm. pressure, of i/N the mean free path of an 
ion under the same conditions, and in the last column the ratio 
OL et Naton: 


INVe a eV: N 1/Nm) L TNCE 


Air : » 340>- 277 126° “O7G4. “0074577 10 G5 
Nitrogen #340 270 “12°44 GOS0O7m 2007 345m 120c 
Hydrogen tse woe 5h a koe (eheyece Veo 
Oxygen 2 208 —22°9-— Ll 2s 9050508 00704 Wels 


Carbon dioxide 380. 23°5 16:2 ‘0613) “OO512 12:07 


It appears that the mean free path of an ion is about eleven 
times as large as the mean free path of a molecule, and conse- 
quently about twice as great as that of a vanishingly small 
particle in rapid motion.! 

In dealing with the photo-electric discharge in different gases 
there are several points that have to be considered, besides the 
values of the constants V and N. If the field between the plates 
is sufficiently strong, it is necessary to take into account the 
effects due to the motion of positive ions. Townsend has shown 
that the positive ions produce others by collision, when the 
potential between the plates is large, but still much less than 
that required to produce a spark. 


EFFECT OF THE SURROUNDING MEDIUM. 


Assuming the theory already sketched as to the production 
of ions in the gas by adhesion or collision, we still have to face 
the problem of determining whether the number of electrons 
emitted from the surface is affected by the nature of the surround- 
ing medium. We can imagine that the number might be altered 
by the condensation of gas in the pores of the plate, or by the 
formation of a surface film. There is also the possibility of a 
change in the character of the surface in consequence of chemical 
action between it and the gas. Thus a trace of the vapour of 
bromine or iodine is sufficient to destroy the sensitiveness of a 
zinc plate. 


1J. C. Maxwell, Phil. Mag. (4), 19, p. 29, 1860. 
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The effect of the surrounding medium on photo-electric 
activity has been examined by T. Wulf! He found a consider- 
able increase in the activity of a platinum plate when air was 
replaced by hydrogen. Platinum “polarised” by hydrogen 
becomes very active. He concluded that the discharging power 
becomes greater as the electro-chemical difference of potential 
between the plate and the medium in which it is immersed is 
made greater. Thus, with a newly polished platinum plate the 
discharge is in the order—hydrogen, oxygen, chlorine, ozone. 
Experiments with zinc and silver plates gave similar results. 

At one time there was a widespread feeling that photo-electric 
emission, as well as the related phenomena of thermionic emission 
and contact potential, were all to be explained as the result of 
chemical action. Thus Pohl and Pringsheim” suggested that as 
the photo-electric effect was much decreased by improving the 
vacuum, perhaps the whole effect is to be attributed to inter- 
action between gas and metal. Wiedmann and Hallwachs? 
went so far as to say that “the presence of gas is a necessary 
condition for appreciable photo-electric emission” from potassium. 
Fredenhagen and Kiistner* came to a similar conclusion with 
regard to the photo-electric current from zinc, and later Freden- 
hagen ® stated that both the photo-electric and the thermionic 
emission of electrons from potassium depend entirely on the 
presence of gas. 

Through the great improvements which have been effected 
in the production of high vacua it has been proved conclusively 
that an electric current may be maintained in the highest attain- 
able vacuum, the current being carried by negative electrons. 
This pure electron discharge is now utilised in the Coolidge tube 
and in thermionic valves and amplifiers with results of increasing 
importance.* Most of the failures to obtain electron emission in 
a high vacuum may be attributed to neglect of the effect of the 


1Wulf, Ann. der Physik, 9, pp. 946-963, 1902. 

2 Pohl and Pringsheim, Phys, Zeits., 14, p. 1112, IgI3. 

3 Wiedmann and Hallwachs, Deutsch. Phys. Gesell. Verh., 16, p. 107, 1914. 

4Fredenhagen and Kistner, Phys. Zeits., 15, pp. 65, 68, 1914. 

5 Fredenhagen, Deutsch. Phys. Gesell. Verh., 16, p. 201, 914. 

6Langmuir, ‘‘The Pure Electron Discharge and its Applications in Radio 
Telegraphy and Telephony,” General Electric Review, May, 1915. 
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“space charge,” due to the accumulation of negative electrons 
in the vacuum. Dushman! has repeated the experiments of 
Hallwachs and Fredenhagen in a better vacuum than they 
employed, and found no difficulty in obtaining both thermionic 
and photo-electric emission. 

Experiments in Philadelphia* on multiply distilled potassium 
in apparatus baked out at 350° C. showed that after six distilla- 
tions the photo-electric sensitiveness remains practically un- 
changed, and further that it does not disappear when the metal 
is made as gas-free as possible, and the degree of vacuum is made 
as high as possible. 

Millikan and Souder*® found that the presence of a gas is 
necessary for the production of photo-electric currents from 
potassium only for the longer wave-lengths. For light of wave- 
length about 260up elimination of gas from the surface does not 
destroy the photo-electric effect. 

From experiments on Pd, Pt, Au, Ni, and Ag in the form of 
strips, which could be heated electrically in vacuo, Piersol * con- 
cluded that a metal does have an intrinsic photo-electric effect 
which is independent of the effect due to occluded gases. By 
repeated heating the occluded gases can be driven off, so that all 
abnormal effects disappear, and the sensitiveness is then larger 
than before. 

Important results relating to the influence of gases on the 
photo-electric activity of platinum have been obtained by Welo,’ 
who endeavoured to work in an extremely high vacuum to 
eliminate possible effects of residual gases, and used two extreme 
wave-lengths for which platinum is sensitive instead of the total 
radiation. It appeared that ¢zme is quite as important a factor in 
the removal of occluded and adsorbed gases as high temperatures 
and high vacua. He concluded that the primary emission from 
the platinum is constant, but that an adsorbed layer of gas stops 
the electrons of low velocity. 

The effect of surface films in altering the activity of a metal 

1 Am, Electyochem. Soc. Trans., 29, p. 125, 1916. 
2 Ives, Dushman, and Karrer, Astrophys. fourn., 43, p. 18, 1916. 
® Millikan and Souder, Nat. Acad. Sci. Proc., 2, pp. 19-24, 1916. 


4Piersol, Phys. Rev., 8, pp. 238-247, 1916. 
>Welo, Phil. Mag., 45, pp. 593-609, 1923. 
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will be discussed <gain later in connection with the subject of 
photo-electric fatigue (Chapter XII) and that of photo-electric 
cells (Chapter XVI). 
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CHAPTER VI. 


PHOTO-ELECTRIC SUBSTANCES: SOLIDS AND 
LIQUIDS. 


THE characteristic feature of photo-electric action is the loss of a 
negative charge, or the acquisition of a positive charge, under the 
influence of light. This is traced to the emission of negative 
electrons from the illuminated surface. It is of great importance 
to know how various substances compare with one another in 
regard to such emission, and to see if any relations can be traced 
between the photo-electric activity and the other properties of 
the substances examined. 

In order to compare the photo-electric activity of different 
materials, the tests must be carried out under corresponding 
conditions, This is a matter of some difficulty, especially as it 
is not easy to determine in the first instance what conditions are 
to be regarded as “corresponding.” The activity varies in a 
marked degree with the character and intensity of the light 
employed, so that a comparison of various substances under the 
influence of a particular source of light would in general yield 
results differing from those obtained with some other source.! 
For an exact scientific study of the subject experiments are 
required with mono-chromatic light of known frequency and 
intensity. Further, unless the experiments are made in a good 
vacuum the activity depends on the temperature. Again, the 
photo-electric current through a gas depends on the electro- 
motive force applied, and, strictly speaking, a “saturation” 
current is never obtained when the test is made in a gas. Con- 
sequently the only satisfactory plan would be to compare the 
substances in a very good vacuum, since in this case, as Lenard 
has shown, the discharge is independent of the potential difference 
for a wide range of values of the latter. Even when this plan is 
adopted, the results obtained depend, as a rule, on the condition 


1 Eugéne Bloch, C. R., 149, p. 1110, 1909, Le Radium, 7, May, 1910. 
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of the illuminated surface, It is not surprising, therefore, that 
comparatively little progress has been made in establishing 
relations between the photo-electric properties of a substance and 
its physical or chemical constitution. On this account it is 
difficult in the present chapter to do more than summarise the 
principal measurements that have been made in connection with 
the photo-electric activity of various substances. We deal first 
with the metals, then with a number of compounds of the metals, 
and finally with certain non-metallic compounds, including a 
number of organic dyes and some insulating materials. 

A short discussion follows, dealing with certain phenomena 
more or less closely related to the photo-electric effect, such as 
the electro-motive force set up in the light-cells of Becquerel and 
Minchin, and the variation in the electrical resistance of certain 
substances caused by illumination. 

The results obtained in connection with the very important 
subject of the photo-electric activity of gases and vapours are 
reserved for the next chapter. 


PHOTO-ELECTRIC ACTIVITY OF METALS. 


The great difficulty met with in attempting to classify the 
metals in:the order of their photo-electric power is due to the 
remarkable variations in the activity under different experimental 
conditions, The method of preparing the metal surface gives 
rise to differences that are often very large. Many observers 
have thought that the photo-electric activity increased with the 
degree of polish of the surface. On the other hand, Hallwachs! 
found that a copper plate first polished with fine emery-paper 
showed almost the same activity after it had been rubbed with 
very coarse emery. 

Ullmann? showed that the values obtained by filing the 
surface of a metal were far more constant than those obtained 
by the use of emery-paper. H.S. Allen* examined the photo- 
electric behaviour of dry iron in the active and passive state, 
and found that when the iron is chemically active it exhibits. 


1 Hallwachs, Ann. d. Physik, 23, p. 465, 1907. 
2 Ullmann, ibid., 32, p. 1, Igro. 
°H.S. Allen, Proc. Roy. Soc., A. 88, pp. 70-74, 1913. 
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large photo-electric activity, while in the passive state this 
activity is greatly diminished. These observations have been 
extended by W. Frese,' who found that oxidising agents diminish 
the photo-electric sensitiveness of metals, whereas reducing agents, 
especially nascent hydrogen, enhance it. 

Further, we have to take into account the variation in the 
activity with the age of the surface, frequently observed when 
the metal is tested ina gas. The activity generally diminishes, 
at first rapidly, then more slowly, owing to changes in the 
conditions of the gaseous layer at the surface or to other causes 
that are discussed in the chapter on photo-electric fatigue. 

Elster and Geitel, and also Hughes have obtained films of 
metal by distillation in a vacuum. Experiments by Langmuir? 
have shown that films of metal distilled in apparatus which has 
not been baked out show very marked signs of contamination 
owing to the gases carried down by them. 

Other experimenters have used films “sputtered” from a 
kathode of the metal to be investigated. 

O. Stuhlman and K. T. Compton? found that the saturation 
currents from thin sputtered films of platinum were larger than 
those obtained from ordinary platinum. 

Chien Cha* has examined the incident and emergent velocities 
of photo-electrons emitted from thin platinum films, and found a 
marked difference between the behaviour of a sputtered film and 
an evaporated film. The difference may arise from the conditions 
under which the film is prepared. While the process of evapora- 
tion is carried out in the best vacuum possible, sputtering requires 
a fairly high pressure. Residual gas occluded in the film may, he 
suggests, be responsible for the observed lack of symmetry. 

Experiments carried out by the X-ray powder method by 
Kahler’ have shown that films of bismuth and silver formed by 
evaporation and subsequent condensation on a cool surface, 
contain no pure metal in the crystalline state, but consist of 
amorphous metal and of metallic compounds. Sputtered films of 

1W. Frese, Zeits. Wiss. Phot., 21, pp. 37-44, 1921. 
2 Langmuir, Am. Electrochem. Soc. Trans., 29, p. 155, 1916. 
°Q. Stuhlman and K, T, Compton, Phys, Rev., 2, pp. 327-328, 1913. 


4 Chien Cha, Phil. Mag., 49, pp. 262-272, 1925. 
5H. Kahler, Phys. Rev., 18, pp. 210-217, 1921. 
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bismuth, cobalt, gold, platinum, and silver were found to consist 
of crystal grains having a random distribution of axial direction. 
“Evidently in sputtering crystalline grains are knocked off the 
kathode and are transported and deposited grain by grain, whereas 
evaporation takes place atom by atom.” 

In some cases, at least, the behaviour of such a sputtered film 
changes with time, in consequence of agglomeration of the particles 
or adsorption of gas.! 

The most satisfactory method of preparing a metal surface 
that shall be perfectly pure and free from surface films is that 
perfected by Millikan, in which the process is carried out in a very 
high vacuum. 


The first experiments on the the loss of a negative charge by 
an illuminated surface were carried out with metals. Hallwachs 
mentions that he found iron less active than zinc, and zinc less 
active than aluminium. Elster and Geitel” investigated the 
photo-electric properties of a large number of substances. Zinc 
and aluminium give a measureable effect in sunlight, but copper, 
platinum, lead, iron, cadmium, carbon, and mercury require light 
richer in ultra-violet rays. The more electro-positive metals are 
specially active, and lose a negative charge in ordinary daylight. 
Elster and Geitel experimented with amalgams of sodium and 
potassium, and also with the metals themselves. The liquid alloy 
of sodium and potassium can be manipulated with greater ease 
than the solid metals. A convenient method of preparing an 
experimental tube containing the alloy has been described by 
Fleming.’ Elster and Geitel give the following list to represent 
the order of the photo-electric effect of the metals: rubidium, 
potassium, alloy of potassium and sodium, lithium, magnesium, 
thallium, zinc. The order in this list, and, generally speaking, 
the order for the more electronegative metals fested in air, is the 
same as the order in the voltaic series for contact potential. 
The more electropositive a metal, the greater is its photo-electric 
activity. 


1L. R. Koller, Phys. Rev., 18, pp. 221-235, 1¢21. 
2 Elster and Geitel give a summary of their results in Nature, 50, p. 451, 1894. 
3 Fleming, Phil. Mag., 17, pp. 286-295, 1909. 
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Attempts to classify the metals have been made by various 
experimenters. Ramsay and Spencer,! and also Herrmann,’ 
made tests in air at atmospheric pressure. The former arrange 
the metals in the following order: Al, Mg, Zn, Sn, Cd, Pb, Bi, 
Au, Ni, Co, Cu, Ag, Fe. This list was obtained with metal 
surfaces polished as well as possible, using a mercury vapour 
lamp of Uviol glass as the source of light. In the experiments 
of Herrmann each metal 'was polished so as to obtain the 
maximum effect, the source of light in this case being a carbon 
arc lamp. The order given=is=Al, Zn, Me, Sn, Bi, -Cd, Pb, Cu; 
Ni, Co, Ag, Au, Fe. Although such lists can have no great 
scientific value, they are included in order to show that the order 
in air is roughly parallel to that of the Volta contact series. 

The results obtained by the earlier experimenters who 
made tests in a vacuum are remarkable for the wide divergencies 
shown. The order of the metals in these lists bears no relation 
to the order at atmospheric pressure, or to the Volta contact 
series. E. Ladenburg gives the order Cu, Brass, Zn, Bi, Pt, Ni, 
Fe, Au, Ag; Millikan and Winchester give Cu, Au, Ni, Brass, 
Ag, Fe, Al, Mg, Sb, Zn, Pb. In Ladenburg’s experiments? the 
surface was first polished with emery and oil, and finally with 
chalk applied with a clean linen rag. The tube containing the 
metal under test was exhausted till the discharge of a large 
induction coil would no longer pass through it. A spark between 
aluminium electrodes served as a source of ultra-violet light. 
Millikan and Winchester * were careful to avoid the use of oil in 
preparing thesurfaces. The metals were cleaned but not polished. 
The experiments were carried out in a good vacuum, the source 
of light being a spark discharge between zinc electrodes. In 
spite of the precautions taken by these investigators, their results 
cannot be accepted as showing the true relative values of the 
activity, since recent experiments have shown that the only 
satisfactory way of securing a perfectly clean metal surface is by 
preparing it 2 vacuo. 

Incidentally we may notice that Millikan and Winchester 

1 Ramsay and Spencer, Phil. Mag., 12, p. 397, 1906. 
2 Herrmann, Bettrdge zum Hallwachseffekt. Diss. Berlin, 1908. 


%E. Ladenburg, Ann. d. Physik, 12, pp. 558-578, 1903. 
4 Millikan and Winchester, Phil. Mag., 14, pp. 188-212, 1907. 
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also measured the positive potential assumed by the metals in a 
vacuum under the influence of ultra-violet light. The order in 
this list bears no relation to the Volta contact series and differs 
from the order of the photo-electric sensitiveness, which runs 
Cu, Au, Ni, Brass, Ag, Fe, Al, Mg, Sb, Zn, Pb. Their results are— 


Mee Petia. Ra eee 
Ag 2 ° g 1°340 17°16 
Fe . . . . 1°225 16°40 
Au . . . . I°215 24°70 
Brass . é “ : I°l74 23°80 
Cu : : = : T°135 25°10 
Ni . . . . I°126 24°00 
Mg . . asa 839 II‘00 
Al . < 4 5 738 14°90 
Sb y i : : °394 4°00 
Zn ° 5 . A ‘197 5:20 
Pb 5 a é é re) 0"90 


The positive potential may be taken as a measure of the 
velocity of emission of the electrons. The question of the 
velocity of emission from different metals will be considered 
at length in connection with the influence of the wave-length 
of the exciting light on photo-electric phenomena (Chapter X). 
Einstein’s unitary theory of light points to the conclusion that an 
electron can only escape from a metal when the energy of a light 
unit is at least equal to Ve, the work that must be done in 
carrying the electron (charge e) through the potential difference 
between the metal and the gas. The theory of photo-electric 
emission developed by Richardson leads to a similar result, for 
he finds expressions for the number of electrons emitted and the 
energy of emission which contain a term dependent on the contact 
difference of potential (Chapter XI). These formule are in agree- 
ment with the recent experimental investigations of Richardson 
and Compton, Hughes, and Millikan. 

The contact difference of potential, as Erskine Murray has 
shown, varies greatly with the state of the metal surface as regards 
polish and the presence of gaseous films. The photo-electric 
sensitiveness is also largely affected by such surface conditions. 
Before any definite conclusions can be drawn as to relations between 
the two sets of phenomena, it is desirable to have simultaneous 
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measurements of both effects. Such measurements have been 
made by Hallwachs,! Ullmann,” and Compton.’ Later experi- 
ments by Richardson and Compton, Millikan, and others are 
described in Chapter XI. These results prove that though it is 
necessary to take into account the contact difference of potential 
in estimating the electric field acting upon the electrons, this 
difference of potential is not responsible for the large variations 
actually observed in the strength of the photo-electric current 
when surface films are present. Surface films may produce large 
changes in the strength of the current if their constitution is 
such that they are strong absorbers of the effective radiations 
(Chapter XII). 

H. Dember‘* has carried out experiments to determine 
whether any connection can be established between the photo- 
electric effect and the kathode fall of potential with an alkali 
electrode in various gases. A relation exists between the 
kathode fall of potential and the position of the metal in the 
Voltaic series. If the photo-electric current is due to the 
emission of negative electrons from the illuminated kathode, a 
connection between the photo-electric activity and the kathode 
fall of potential would appear probable. A large light effect is 
to be expected where the smallest kathode fall of potential is to 
be found. According to this hypothesis the photo-electric 
activity of the alkali metals should be large, and larger in 
helium than in hydrogen. This was found to be the case for 
sodium-potassium alloy both for ultra-violet and for visible light. 
The kathode fall for the alloy in argon is smaller than in helium. 
For higher voltages the photo-electric activity of the alloy is 
greater in argon than in helium. 

Photo-electric cells are described in Chapter XVI. 


PHOTO-ELECTRIC ACTIVITY OF METALLIC COMPOUNDS. 


Most of the experiments on compounds of the metals have 
been carried out in air at atmospheric pressure. The results 


1 Hallwachs, Ann. d. Physik, 23, p. 481, 1907; Deutsch. Phys. Gesell. Verh., 14, 
p- 638, Igr2. 

2 Ullmann, Ann. d. Physik, 32, p. 46, Igro. 

‘Compton, Phil. Mag., 23, pp. 579-593, 1912. 

4H. Dember, Ann. d. Physik, 20, p. 379, 1906. 
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are very greatly influenced by the condition of the surface and 
the character of the light employed. Further results are much 
to be desired employing monochromatic ultra-violet light and a 
surface prepared if possible in a high vacuum. 

Generally speaking, the compounds of the metals with sulphur 
or the halogens show the greatest photo-electric activity. It is 
significant that these compounds frequently show marked phos- 
phorescent: effects; thus Balmain’s luminous paint is photo- 
electrically active. 

G. C. Schmidt! measured the photo-electric activity of a 
number of solid substances, using an electrometer (1 volt = 150 
scale divisions) and noting the deflection after three minutes’ 
illumination. Very large effects were observed in the case of 
cuprous and chromous sulphides, and a large effect was found 
for bismuth trisulphide. The chloride, bromide, and iodide 
of silver all gave about the same large deflection. Smaller de- 
flections were obtained from sulphides of iron and zinc, zinc 
sulphate, zinc oxide, a chloride of mercury, and cuprous iodide. 
A large number of substances, including the halogen salts of the 
alkali metals, showed no activity when tested by this method. 
It is remarkable that most of the substances examined showed 
strong action when tested in contact with the negative terminal 
of a spark-gap by the method of Hertz, even though they showed 
no photo-electric activity when the difference of potential was 
560 volts.” 

The activity of a number of metallic salts was measured by 
O. Knoblauch,? who found large activity in the case of the 
sulphides of lead, manganese, and mercury, smaller activity 
for those of tin, antimony, and arsenic. Bromide of copper 
was fairly active, the chloride less so. Both the oxides of copper 
were moderately active. Amongst substances which gave only 
a small effect were silver oxide, mercuric iodide, and cadmium 
sulphide. 

A detailed examination of the metal sulphides was made by 
Rohde,? who found that in general they showed considerable 
1G. C. Schmidt, Wied. Ann. d. Physik, 64, p. 708, 1898. 

2 Compare the experiments of Gudden and Pohl, p. 182, 


3Q. Knoblauch, Zeit. Phys. Chem., 29, p. 527, 1899. 
4 Rohde, Ann. d. Physik, 19, pp. 935-959, 1906. 
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photo-electric activity. This activity was dependent in a marked 
degree on the condition of the surface—especially the roughness 
—on the density, and on the molecular structure (e.g. crystalline 
form). Most of the sulphides were tested in the form of mineral, 
of powder, and of pastilles prepared with the hydraulic press. 
In general the mineral showed the greatest, the powder the least 
activity. The metals may be roughly arranged in the order of 
diminishing activity as follows: lead, copper, manganese, silver, 
tin, iron, chromium, bismuth, nickel, antimony, zinc, cadmium, 
cobalt, and molybdenum. In the case of galena (PbS) the 
activity in the form of mineral, powder, and pastille is represented 
by the numbers 887, 602, and 874 respectively. Under the same 
experimental conditions a clean zinc plate would have an activity 
of 530, and an aluminium plate of about 200. In these experi- 
ments the extreme ultra-violet rays from a spark between zinc 
terminals were employed. When examined under these con- 
ditions the sulphides in most cases show greater activity than the 
metals themselves, When tested with the light of a Nernst lamp, 
they show much less activity than the metals. This has been 
confirmed by Herrmann,’ who found that Uviol glass cut off 
most of the radiation effective with the metal sulphides. 

The sulphides of certain metals have been examined by 
Ramsay and Spencer,” who recorded the time taken for the gold 
leaf of their electroscope to pass over ten scale divisions when the 
substance under test was illuminated. The sulphides in one 
series of experiments were prepared by placing the metal in 
either a solution of sulphuretted hydrogen or one of ammonium 
sulphide ; in a second series the precipitated sulphide was made 
into a paste with starch solution and dried upon the plates. The 
activity obtained by the second method was, as a rule, smaller 
than that obtained by the first. The sulphides of copper and 
lead were the most active of those examined, their activity being 
about 30 and 25 per cent. respectively of that of a clean copper 
plate. The activity for the sulphides of antimony, iron, tin, and 
cadmium only amounted to 2 or 3 per cent. According to these 
results the sulphides are much less active than the pure metals. 


1 Herrmann, Beitridge zum Hallwachseffekt. Diss. Berlin, 1908. 
* Ramsay and Spencer, Phil. Mag., 12, p. 397, 1906. 
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This no doubt depends upon the source of light employed (in 
these experiments a mercury arc in Uviol glass). 

B. Aulenkamp! has determined the normal kathode fall of 
potential and the photo-electric sensitiveness of a series of metallic 
sulphides and metallic oxides, and found a parallelism between 
the two phenomena. 

In the experiments of Ramsay and Spencer iodides of the five 
metals, copper, silver, cadmium, tin, and lead, were prepared by 
suspending plates of the metals over a dish of iodine until the 
surface was coated with the salt. The activity was found to be 
according to the order named, iodide of copper, which gave the 
greatest effect, showing an activity of about 8 per cent. as com- 
pared with metallic copper. 

The photo-electric activity of the halogen compounds of copper, 
illuminated by the light from a carbon arc, has been measured by 
Pochettino,” who also determined for these compounds the order 
of the Becquerel effect, that is the increase in electro-motive force 
due to illumination of an electrode. The two effects appear to 
be connected, but the order of sensibility is not the same in the 
two cases. This is shown in the following table, where the more 
active substance stands earlier in the series :— 


Photo-electric Effect. (Activity.) Becquerel Effect. 
Cul, ems Oar: CuBr, 
CuBr, . wea Cul, 
CuCinw 20 CuO 
OF ae CuCl, 

ic i Sane, Hoe . 


Light of short wave-length is more effective as regards the 
photo-electric effect, while light of longer wave-length produces 
greater change in the Becquerel effect. 

The influence of the valency of the metal upon the photo- 
electric effect of metallic compounds has been investigated by 


1B, Aulenkamp, Zeits. f. Physik, 18, pp. 70-74, 1923. 

2Pochettino, Accad. Lincet, Atti, 16 (2), pp- 58-66, 1907. 

* The sensibility of the copper iodide was compared directly with that of amal- 
gamated zinc, and the ratio found to be 39:6. The correct chemical formula for 
this compound appears to be Cul. é 
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Dima,! the compound in which the metal has the smallest valency 
showing the greatest activity. This is illustrated by the series 
MnO, Mn,O0,, Mn,O,, MnO,, which showed activity represented 
by the numbers 400, 240, 176, and 37, respectively. 

Dima also examined the photo-electric effect for a number 
of halides; for silver, mercury, lead, and potassium the order of 
increasing activity is chloride, bromide, iodide; for cadmium this 
order is reversed. 

My interest in photo-electric phenomena was first aroused 
whilst working in Lord Blythswood’s laboratory at Renfrew in 
1904, by noticing that freshly ground fluor spar caused a con- 
siderable leak of negative electricity, the amount of leak falling 
off in the course of a few minutes after grinding. The effect took 
place in ordinary daylight after the light had traversed two thick- 
nesses of glass, but no effect could be observed in the dark. 

Elster and Geitel? had already recorded the photo-electric 
activity of fluor spar and other phosphorescent minerals. 
Different specimens of fluor spar vary considerably in activity. 
The effect may perhaps be due to traces of the more electro- 
positive metals scattered through the substance of the spar, and 
imparting to it its colour. According to Elster and Geitel, ultra- 
violet light is zo¢ the most efficient in this case. This suggests 
the presence of a selective photo-electric effect, such as is found 
with the alkali metals. 

Goldstein? discovered that certain salts, especially the alkali 
halides, become coloured when exposed to kathode rays; at 
the same time their phosphorescence diminishes. The colours 
fade away, slowly in darkness but more rapidly in daylight, 
especially if the temperature is raised. Elster and Geitel* have 
shown that the salts thus modified exhibit marked photo-electric 
activity. This property gradually diminishes, and disappears at 
the same time as the coloration. Certain glasses acquire the 
photo-electric property under the influence of kathode rays. 
In these cases also the activity may be due to traces of metal 
liberated by the action of the kathode rays. 

1Dima, C. R., 156, p. 1366, 1913; 157, p. 590, 1913. 
* Elster and Geitel, Wied. Ann. d. Physik, 44, p. 722, 1891. 


5 Goldstein, ibid., 54, p. 371, 1895; 55, p- 491, 1897. 
4Elster and Geitel, ibid., 59, p. 487, 1896. 
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Important experiments on the activity of metallic compounds 
have been carried out in a high vacuum by W. Wilson and 
A. el. Tlughes, 

In the experiments of W. Wilson! peroxide of lead was used 
as a standard substance; this has the same activity as aluminium, 
but shows little fatigue. Silver iodide, illuminated by ultra-violet 
light from an arc lamp, showed an activity 10°9 times that of the 
standard. A silver plate under the same illumination had an 
activity 3°56 times that of the standard. When the silver iodide 
was illuminated with violet light no photo-electric current could 
be detected. A layer of silver iodide on platinum was saturated 
with calcium nitrate solution. The material so treated still 
showed no activity with violet light, but with ultra-violet the 
activity was increased to about 54 times that of the standard. 
The photo-electric activity of silver sulphide was also measured, 
and found to be 9°5 times that of the standard. 

Interesting results have been obtained by Hughes” from 
experiments zz vacuo on certain solid compounds. In most cases 
the surface was prepared by distillation of the salt in a high 
vacuum. ZnCl, and P,O, show no photo-electric effect when dry, 
but after contact with moist air they show distinct activity. 
There is practically no effect for FeCl;, and only a very small 
one for PbI,, after exposure to ultra-violet light. Other halogen 
salts (Hg,I,, Hgl,, Hg;Cl,, HgCl,, BiCl;) show marked activity 
after they have been exposed to ultra-violet light. The initial 
effect in these cases is either zero or very small, but exposure to 
light increases the magnitude of the action. SblI, differs from 
the other salts in that a large leak is observed at the outset, and 
this is reduced by prolonged exposure. It is suggested that the 
halogen salts themselves are not photo-electric with wave-lengths 
longer than 184°9 wp, but that the light first of all decomposes the 
compound and then acts on the metal in the ordinary way. It is 
difficult to reconcile the behaviour of SbI, with this explanation. 

The variation of the photo-electric activity of potassium 
ferro-cyanide solution with the concentration of the solution has 


1W. Wilson, Ann. d. Physik, 23, pp. 107-130, 1907. 
2 Hughes, Phil. Mag., 24, pp. 380-390, 1912. 
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been examined by Poole,' who found a linear relation for the 
lower concentrations; for stronger solutions the activity increases 
more rapidly than the concentration. The photo-electron is 
probably derived from the negative radicle. 


PHOTO-ELECTRIC ACTIVITY OF NON-METALLIC COMPOUNDS. 


Bichat and Blondlot,? employing the method devised by 
Stoletow, found that water showed no photo-electric current when 
illuminated by light from an arc. <A sheet of water is perfectly 
transparent to much of the effective radiation. Kreusler* 
observed that pure water transmitted ultra-violet light to wave- 
length 200 pp, but absorbed light of shorter wave-length. Soapy 
water or a solution of calcium chloride may be used to cover the 
surfaces of bodies in order to prevent any photo-electric discharge 
from taking place. Certain impurities, however, tend to confer 
photo-electric activity upon water, and, according to Bloch,* it is 
extremely difficult to secure pure water which will show no trace 
of such activity. Hughes® found a very small irregular leak from 
a water surface, which he attributed to some spurious effect, such 
as the action of stray light or traces of impurity. 

Obolensky ® showed that extreme ultra-violet rays (of wave- 
lengths between 185 and 130 wu) produce a photo-electric effect 
with pure water, the order of magnitude being 1/400th of that 
with cupric oxide. This is not likely to be of meteorological 
importance; but cirrus clouds, if composed of ice crystals, may 
well be electrically charged, for ice and hoar-frost show an effect 
of the same order as cupric oxide. 

The activity of many of the aniline dyes was noticed soon 
after the discovery of the photo-electric effect. Stoletow’ observed 
a discharge from solution of eosin, fluorescein in ammonia, fuch- 
sin, and aniline violet, and ina later paper refers to the extreme 
sensibility of fuchsin and aniline green and violet, whether in 


1J. H. J. Poole, Phil. Mag., 45, pp. 895-906, 1923. 

? Bichat and Blondlot, C. R., 106, p. 1349, 1888. 

*Kreusler, Ann. d. Physik, 6, pp. 412-423, Ig01. 

4E. Bloch, C. R., 148, pp. 621-622, 1go9. 

5 Hughes, Phil. Mag., 24, pp. 380-390, Ig12. 

® Obolensky, Ann. d. Physik, 39, pp. 961-975, 1912. 

7Stoletow, C, R., 106, p. 1593, 1888 ; 108, pp. 1241-1243, 1880. 
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the solid state or in solution. Hallwachs' observed the activity 
of solutions in water of fuchsin, cyanin, iodine green, and also that 
of potassium nitrate, formic acid, and aniline. 

G. C. Schmidt? also made experiments on the aniline dyes 
eosin, fuchsin, methyl-viclet, malachite-green, and magdala-red. 
In the solid state these all showed photo-electric activity. In 
solution the results were difficult to interpret :— 


y Fuchsin (1/1000 Methyl-violet 

Solvent. Normal). (Saturated). 
Water . c . : : : 219 240 
Alcohol 5 4 é 3 5 17, 157 
Amy! alcohol : : 5 : (o) 175 
Acetone 3 : : : : 5 83 


Fuchsin and methyl-violet are not very different in chemical 
constitution, yet there are marked differences in the photo- 
electric activities in the table. Malachite-green showed activity 
in all four solvents; magdala-red showed activity in solution 
in alcohol and amy] alcohol, but not in acetone. Eosin, though 
not strongly active, shows some effect in all four solvents. 

O. Knoblauch? has published a lengthy list showing the 
photo-electric discharge from various organic substances, in- 
cluding a large number of aniline dyes. 

Solid surface films are formed on aqueous solutions of various 
organic dyes. These films gradually increase in strength up to 
a definite limit. Rohde* has shown that in the case of fuchsin 
and methyl-violet the film manifests photo-electric activity, 
which also increases up to a limit. This has been confirmed 
by Plogmeier,® who showed that the phenomenon is not due 
to an oxidation process. Inorganic colloids, like arsenic and 
antimony trisulphides, exhibit similar behaviour. The formation 
of a surface film does not always proceed parallel with the 
photo-electric effect. 

A large number of organic substances, mostly derivatives 


1Hallwachs, Wied. Ann. d. Physik, 37, p. 666, 1889. 

2G, C. Schmidt, zbid., 64, p. 708, 1898. 

3Q, Knoblauch, Zettschr. Phys. Chem., 29, p. 527, 1899. 

4+ Rohde, Ann. d. Physik, 19, pp. 935-959, 1906. 

* Plogmeier, Deutsch. Phys. Gesell, Verh., 11, pp. 382-396, 1909. 
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of benzene, have been examined by Stark and Steubing,’ with 
a view to testing Stark’s theory of the absorption of light by 
these compounds. The investigators come to the conclusion 
that the absorption of light in absorption bands shaded towards 
the red is accompanied by a photo-electric effect and also by 
fluorescence. (See Chapter XIII.) 

The photo-electric properties of anthracene (p. 240) have 
been the subject of a number of investigations.* Pochettino 
showed that the photo-electric effect is of the same order as 
that of zinc, being greater for the fused than for the crystalline 
substance. Unless the material is in very thin layers the activity 
diminishes with the time. This is attributed to the high insulating 
power of the solid, which permits the accumulation of a positive 
charge upon the surface. Stark and Steubing found photo- 
electric activity not only with solid anthracene but also with 
anthracene vapour. Byk and Borck confirmed the result that 
the solid shows a real photo-electric activity, special precautions 
being taken to guard against errors due to the fact that the 
substance is a good insulator. Hughes made experiments with 
anthracene in a high vacuum, and found that it was only active 
for wave-lengths shorter than 200°2 pup. 

The photo-electric properties of insulating materials have 
been investigated by R. Reiger. Almost all such bodies lose 
a negative charge when exposed to the light of an electric arc. 
The material to be tested was in the form of a square plate of 
side 6 cm. On the back of the plate was a circular disk of 
tinfoil of diameter 4 cm., in metallic connection with the negative 
terminal of a battery giving 2400 volts. The negative charge 
from the illuminated front surface was received by a parallel 
metal plate connected to one set of quadrants of an electrometer. 
The following results were obtained, using the light from an 
arc lamp :— 


1 Stark and Steubing, Phys. Zeitschr., 9, pp. 481, 661, 1908. 

* A. Pochettino, Atti dei Lincei (5), 15 (1), pp. 355-363 3 15 (2), pp. 171-179, 1906. 
Stark and Steubing, Phys. Zeitschr.,9, pp. 481, 661, 1908. Byk and Borck, Deutsch. 
Phys, Gesell, Verh., 12, pp. 621-651, 1g10. Steubing, Deutsch. Phys. Gesell. Verh., 
12, pp. 867-863, tg10, L.S. Stevenson, Yourn. Phys. Chem., 15, pp. 843-865, rgrr. 
Hughes, Phil. Mag., 24, pp. 380-390, 1912. 

*R, Reiger, Ann. d. Physik, 1'7, p. 935, 1905. 
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Neeriators ee in eee oo 

Ebonite A 5 : : 1°05 17°8 

a : : , ; 2°04 70°0 

& : : : : 5:07 33°5 
Mica . 3 z ‘ ZA 06 18°8 
Sealing Wax ; ; é 2°85 2522 
Wax . ‘ ; 4 4°7 2°3 
Resin . é A : 4°75 16°4 
Glass ! (various kinds) . ; O*°I2 to 0°35 4°5 to 19°9 


These experiments were carried out in air at atmospheric 
pressure. Reiger? also made observations in a vacuum, and 
found that, when the insulating material (glass) was illuminated 
by ultra-violet light, it became a source of kathode rays, for which 
the ratio of the charge to the mass (e/#) was measured and 
found to be in agreement with Lenard’s value. 

W. Wilson® examined another. insulator, shellac. He found 
no discharging action with ultra-violet light. This is in ac- 
cordance with the fact that shellac is proportionately very 
transparent for ultra-violet rays. Although shellac itself is 
not photo-electrically active, it allows the photo-electric current 
to pass through it when a thin layer is laid upon a metal plate. 

The photo-electric emission from several insulators has been 
investigated in a most interesting way by Kelly,* who employed 
the method used by Millikan in determining the charge of an 
electron. Small charged droplets of the material were suspended 
in the field of a parallel plate condenser. The strength of the 
field was regulated until the electric force on the droplet balanced 
the gravitational force. By making the intensity of the ultra- 
violet light falling on the droplet sufficiently low, it was found 
that only one electron escaped at each emission. By the use 
of absorption screens the long wave-length limit of photo-emission 
from sulphur, shellac, oil, and paraffin was found with considerable 
accuracy. 


1 For the glass plates a potential difference of 1200 volts was employed. 
2 Reiger, Ann. d. Physik, 17, p. 947, 1905. 

3.W. Wilson, 2bid., 23, pp. 127-128, 1907. 

4 Kelly, Phys. Rev., 16, pp. 260-273, 1920. 
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THE CHEMICAL RELATIONS OF PHOTO-ELECTRIC ACTIVITY. 


Cantor! and Knoblauch? have upheld the view that the 
photo-electric current is the result of oxidation. They point 
out that reducing agents and bodies not fully oxidised lose 
their negative charges rapidly; oxidising agents and bodies 
fully oxidised do not lose their negative charges. In discussing 
this view J. J. Thomson writes: ‘It is, however, I think, 
necessary to distinguish between the power of combining with 
oxygen and the act of combination. We should expect the 
photo-electric substances to be oxidisable, as they loose readily 
negative corpuscles, and thus get positively charged and in 
a fit state to combine with an electronegative substance like 
oxygen; there is no evidence, however, that the presence of 
oxygen is necessary for the photo-electric effect, in fact the 
evidence the other way seems quite conclusive, for substances 
like rubidium and potassium enclosed in highly exhausted vessels 
seem to retain their photo-electric power indefinitely, and any 
trace of oxygen originally present would soon be absorbed by 
the metals.” 

These experiments with the alkali metals also serve as 
evidence against the view of Chrisler® that hydrogen is essential 
to the production of the photo-electric current—that is, if the 
metal could be entirely freed from hydrogen, it would give 
no photo-electric current. (See pp. 69 and 70.) 

Special attention must be drawn to the fact that photo-electric 
activity is not an atomic property as is radio-activity. In 
compounds of the elements the activity is found to be a con- 
stitutive and not an additive property. Thus the sulphides of 
antimony, lead, arsenic, manganese, silver, and tin are photo- 
electric, while the sulphates are not. Again, hydroquinone gives 
a considerable discharge, while its isomer resorcin is almost 
inactive. Brillouin* found that dry ice is photo-electric, while 
water in the liquid state is not. 

Further evidence to show that photo-electric activity is a 

1Cantor, Wien. Sitzungsber., 102, p. 1188, 1893. 
? Knoblauch, Zeitschr. f. Physikalische Chemie, 29, p. 527, 1899. 


* Chrisler, Phys. Rev., 27, pp. 267-281, 1908. 
4 Brillouin, Ecl. Electr., xiti., p. 577, 1897. 
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constitutive property is afforded by the work of Pohl and 
Pringsheim ‘ on alloys and amalgams. 

We may contrast these results as regards photo-electric 
action with the conclusion that secondary radiation excited by 
Rontgen radiation (Barkla) or radium radiation (McClelland), 
is additive in character. 


THE EMISSION OF ELECTRONS FROM THIN METAL FILMS. 


The Photo-electric Effect with Incident and Emergent Light.— 
In 1889 Hallwachs* observed that thin silvered quartz plates 
showed photo-electric action when the plate was illuminated 
from the quartz side. Rubens and Ladenburg* examined the 
photo-electric properties of thin gold leaf (thickness 80 to 100 
wu). They found that the ratio of the effect at the back to that 
at the front was about 1 to 100 for the thickness mentioned. 
The ultra-violet light transmitted by the gold leaf only amounted 
to about 1/1000 of the incident light. From these observations 
the authors conclude that electrons are liberated in the thickness 
of the leaf with such velocities that many of them are able to 
escape from the back of the film. 

The photo-electric properties of thin metallic films formed 
by means of deposition from a platinum kathode have been 
examined by Dike.* The film on glass is photo-electrically 
active even when of the utmost tenuity (down to 10~* cm. in 
thickness). The high positive potentials observed by Dike 
are probably to be attributed to imperfect screening from 
electrical waves. 

The difference in the photo-electric effect caused by incident 
and emergent light has been examined by Otto Stuhlmann.° 
Thin metal films were prepared by ‘‘sputtering” zz vacuo from 
a kathode. The ratio of the emergent (E) to the incident effect 
(1), determined from measurements of the ionisation currents in 


1 Pohl and Pringsheim, Verh. Deutsch. Phys. Gesell., 12, pp. 1039-1048, 1910; 
15; Pp. 431-437, 1913. 

2 Hallwachs, Tagebl. des Heidelberger Naturf.-Ver., p. 24, 1890. 

3 Rubens and Ladenburg, Deutsch. Phys. Gesell. Verh., 9, pp. 749-752, 1908. 

4 Dike, Phys. Rev., 32, pp. 631-632, IgII. 

> Stuhlmann, ibid., p. 621, 1911; Phil. Mag., 20, pp. 331-33G, 1910; 22, pp. 
854-864, IQII. 
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air, was found for different metals to lie between 1'02 (iron) and 
1'17 (platinum). 

Independent experiments carried out by Kleeman? led to 
the same conclusion as to an asymmetry of the effect for incident 
and emergent light. Experiments were made with platinum 
films in air at atmospheric pressure, and also in a good vacuum. 
It is suggested that the electrons receive a component of velocity 
in the direction of propagation of the light. 

Measurements have been carried out with thin films of 
platinum in a high vacuum by J. Robinson.” For very thin 
films the velocities of the electrons for emergent light are 
greater than those for incident light; for thicker films the 
reverse is the case. The greatest thickness of film employed is 
estimated as 10-8 cm, For thin films the maximum emergent 
current is larger than the maximum incident current; for thick 
films this order is reversed. Thus for a certain thickness of 
film the “emergent” velocity is equal to the ‘‘ incident” velocity, 
and special experiments showed that in this case for the 
same thickness of film the “emergent” current is equal to the 
“incident” current. The dissymmetry observed for the velocities 
is not so strongly marked as that observed for the currents. The 
orientation of the plane of polarisation of the light did not have 
any influence on the dissymmetry. 

Another striking result obtained in the course of these 
experiments was that a sudden increase took place in the actual 
magnitude of the photo-electric currents, both for incident and 
emergent light, when the thickness of the film was 10-' cm. 
For films thinner than this the ratio E/I was found to be 
practically constant, and equal to about 1:22. 

Robinson has discussed various suggested explanations of 
the variation in magnitude of the photo-electric current with 
the thickness of the film, and inclines to the view that the 
photo-electrons may possess sufficient energy to ionise molecules 
of platinum by colliding with them. If the thickness of the 
film is less than a certain quantity, which may be called the 
mean free path of the electrons, the only electrons present will 


1 Kleeman, Proc. Roy. Soc., 84, pp. 92-99, 1910. 
*J. Robinson, Phil. Mag., 23, pp. 542-551, 1912; 25, pp. 115-132, 1913. 
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be those produced directly by the light. If the film is thicker 
than this critical value, there will be present also electrons 
produced by collision between photo-electrons and molecules. 
From measurements of the Hall effect Paterson! estimated the 
mean free path of the electrons in platinum as of the order of 
1o-'cm. This is in agreement with Robinson’s view. 

Partzsch and Hallwachs? have examined the optical and 
photo-electric properties of thin platinum films formed by ka- 
thodic deposition, and have come to the conclusion that the 
difference between the ‘‘incident” and the “emergent” photo- 
electric current can be accounted for by a difference in the 
reflecting power for light of the two sides of thin films. When 
such a film is illuminated from behind, as much as 40 per cent. 
more light may be absorbed in the film than when the film is 
illuminated from the front. Consequently a greater photo-electric 
current is to be expected, and is actually found, when the light 
emerges from the film. The greater part of the difference 
between the “incident” and the “emergent” current may 
probably be accounted for in this way. 

In spite of StuhImann’s confirmation ? of Robinson’s result 
that the maximum emission energy was about 40 per cent. greater 
when the photo-electrons left the emergence side than when they 
left the incidence side, Hughes* comes to the conclusion that 
“the differences in the velocities are probably spurious, though 
it is difficult to say where the experimental arrangements are 
faulty.” This conclusion is based on Millikan’s proof that # can 
be obtained accurately from experiments on the velocities of 
photo-electrons from the zucidence side, which “ renders it ex- 
ceedingly doubtful whether the photo-electrons can possibly have 
a greater maximum energy on the emergence side.” 

Piersol > has emphasised the large percentage error which may 
occur in attempting to determine by direct experiment the retard- 
ing potential just necessary to prevent the emission of electrons, 


1 Paterson, Phil. Mag., 4, p. 652, 1902. 

2 Partzsch and Hallwachs, Ber. Math.-Phys. Klasse Konig. Siichsischen Gesell. 
Wiss., 64; pp. 147-166, 1912. 

2 Stuhlmann, Phys. Rev., 3, p. 195, 1914. 

4 Hughes, Report on Photo-electricity, p. 19, 1921. 

5 Piersol, Phys. Rev., 23, pp. 144-152, 1924. 
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and claims that by applying Millikan’s extrapolation method 
(p. 44) to the results of Robinson and of Stuhlmann the ratios of 
emergent to incident energies come out approximately unity in- 
stead of 1°16 and 1:42. When monochromatic light was used, 
and precautions were taken to avoid stray light, the current 
voltage curves for both “incident” and “ emergent’’ photo- 
electrons cross the line of zero current sharply at the same voltage 
point, indicating the same stopping potential for both sets of 
electrons. 

In view, however, of the complicated results found by C. T. R. 
Wilson! and others in connection with the different classes of 
B-rays produced by the action of X-rays, it may be well to defer 
judgment before concluding that a difference between the “ inci- 
dent” and “emergent” velocity of photo-electrons is in all cases 
impossible. (See pp. 45 and 46.) 

Important investigations on the relation between the photo- 
electric effect and the thickness of a thin film have been carried 
out by Robinson,” Stuhlmann,*? and Compton and Ross.‘ Stuhl- 
mann found that the thickness for which the photo-electric current 
is a maximum decreases with the frequency. The curves obtained 
by Compton and Ross possess two maxima, the second maximum 
(that for the greater thickness) disappearing in the course of time. 
This may be attributed to the unstable form of newly sputtered 
platinum. 


SOME RELATED PHENOMENA. 


There are other questions connected with photo-electric 
action which may be briefly referred to here, although it is 
impossible to deal with them at length, 

(1) Hertz’s original observation of the influence of light on an 
electric spark was investigated in detail by Warburg, who found 
that in hydrogen at II mm. pressure, using platinum electrodes, 
the starting potential was 960 volts in daylight, 1080 in the direct 


‘C, T, R. Wilson, Proc. Roy, Soc., 104, pp. 1-24, 1923; de Foe, Phil. Mag., 49, 
p. 817, 1925. 

? Robinson, Phil. Mag., 32, p. 421, 1916. 

’ Stuhlmann, Phys. Rev., 13, p. 109, 191g. 

4 Compton and Ross, ibid., p. 374, 1919. 

5 Warburg, Sitz. Akad. der Wiss., Berlin, 12, p. 223, 1896. J. J. Thomson, 
Conduction of Electricity through Gases. 
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light from an arc lamp, 1260 when this light had passed through 
glass, and still greater in the dark. The effect on the time interval 
between the application of the potential difference and the passage 
of the spark was considerably greater. Since the commercial 
introduction of the neon lamps a similar effect has been noticed 
by several observers,’ and has been attributed to the presence of 
surface films on the electrodes. It seems to be connected with 
the presence of traces of hydrogen in the discharge tube. In 
some experiments with an ‘“Osglim” lamp ovo1 foot-candle 
produced an appreciable effect, the maximum being attributed to 
the orange part of the spectrum. 

(2) Many substances when used as the two poles of a volta- 
meter containing an electrolyte show a difference in potential when 
one plate is in darkness and the other illuminated. This effect 
has been studied by Becquerel? and Minchin,* and quantitatively 
for silver plates in various electrolytes by Wilderman.* The 
behaviour of the silver halides has also been investigated by 
Luggin.° 

(3) Several experimenters have sought to find a change in the 
electrical conductivity of a solution when exposed to light. 

Some of the earlier results were contradictory, but investi- 
gations with fluorescent solutions carried out independently 
by Goldmann ® and Hodge’ agree in the conclusion that illumina- 
tion of the solution between the electrodes does not effect the 
conductivity, while illumination of the colouring matter in the 
immediate neighbourhood of the electrodes produces an electro- 
motive force which brings about a change in the apparent 
resistance. These phenomena can be explained by assuming 
that negative electrons are set free from the molecular groups as 
in the Hallwachs effect. 

In some cases surface effects and volume effects appear to be 


1Qschwald and Tarrant, Proc. Phys. Soc., 36, p. 241, 1924, and Discussion ; 
~ Baeyer and Kutzner, Zeit. f. Physik, 21, p. 46, 1924. 

2K, Becquerel, La lumiére, 2, p. 121, Paris, 1865. 

3 Minchin, Phil. Mag., 31, p. 207, 1891. 

4 Wildermann, Proc. Roy. Soc., 74, p. 369, 1904. 

5 Luggin, Zeit. f. phys. Chem., 23, p. 577; 1897. 

6 Goldmann, Ann. d. Physik, 27, pp. 449-536, 1908. 

7 Hodge, Phys. Rev., 28, pp. 25-44, 1909. 
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superposed. La Rosa and Cavallaro’ found the surface effect pre- 
dominated in water, alcohol, and acetic ether, whilst the volume 
effect predominated in ethyl ether and methylene bromide. 
Naccari? suspected a volume ionisation in toluene. 

(4) Arrhenius? found that the conductivity of the silver halides 
was increased when they were exposed to light. Scholl * 
experimented on silver iodide immersed in aqueous salt solution. 
He concluded that dissociation took place on exposure to light, 
with the production of ions of AgI and negative electrons, Moist 
silver iodide shows increased conductivity when illuminated 
by violet light, and this is attributed for the most part to 
electrons which are set free by the light. W. Wilson °® has proved 
that silver iodide shows marked photo-electric activity when 
illuminated by ultra-violet light, but none when illuminated by 
violet light. The electrons set free by violet light have not 
sufficient velocity to escape from the substance, but their presence 
is revealed by the increase in the electrical conductivity. Ultra- 
violet light also causes an increase in the conductivity, but this 
is small in comparison with that brought about by violet rays. 
Ultra-violet light is effective in separating electrons with large 
velocities, but these are less easily controlled by the applied 
electric field than the slower electrons, and so the conductivity is 
not greatly changed. 

(5) Ordinary metals show no increase in electrical conductivity 
when illuminated, though electrons are liberated, simply in 
consequence of the fact that the number of free electrons is 
already so large that the addition of the photo-electrons makes 
no appreciable difference in the total. In the case of the 
granular silver examined by W. Wilson,’ light does produce 
an increase of conductivity, no doubt in consequence of the 
passage of electrons from grain to grain. 

The best-known examples of substances which change their 
resistance under the influence of light are selenium,’ stibnite,’ and 

1 La Rosa and Cavallaro, N. Cimento, 6, p. 39, 1913. 

2 Naccari, ibid., 4, p. 232, IQI2. 

3 Arrhenius, Wien. Ber., 96, p. 831, 1887. 

4Scholl, Ann. der Physik, 16, pp. 193-237, 417-463, 1905. 

5 W. Wilson, ibid., 23, pp. 107-130, 1907. 8 Thid. 


7 Willoughby Smith, ¥ourn. Soc. Tel. Eng., 2, p. 31, 1873. 
8 Jaeger, Kon. Akad. Amsterdam, 15, pp. 724-730, 1907. 
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cuprous oxide’ (Cu,O). A systematic search for other substances 
of this kind was made by T, W. Case? using crystallised mineral 
specimens where possible. He found a number of new com- 
pounds showing a change of conductivity in light. Two speci- 
mens which show remarkable action are acicular crystals of 
bismuth trisulphide (bismuthinite), and a granular lead antimony 
sulphide, Extensive investigations on this type of photo-electric 
effect have been carried out at the Bureau of Standards, Washing- 
ton, by Coblentz and his associates,? who examined bismuthinite, 
Bi,S;, molybdenite, MoS,, silver sulphide, proustite, Ag,AsS,, 
and other substances, mostly sulphides. These have a great 
opacity for the ultra-violet and violet, but show a rapid increase 
in transparency in the red and near infra-red spectrum. In some 
instances an apparent rzse in resistance has been observed on 
exposure to light.4 This type of response is said to be ‘ photo- 
negative.” 

In 1920 T, W. Case® described a new photo-electric cell, 
which changes its resistance on exposure to light. To this the 
name “ Thalofide Cell” has been given, to indicate that the 
sensitive substance is composed'of thallium, oxygen, and sulphur. 
The resistance in the dark may range from 5 megohms to 500 
megohms, being high compared with that of an ordinary selenium 
cell. On the average this resistance is lowered by 50 per cent. 
when the illumination due to a heated tungsten filament is 0°25 
foot-candle. In some of the best cells the same change is pro- 
duced by an illumination of 0°06 foot-candle. The cell responds 
to radiation just beyond the visible red of the spectrum and may 
be employed for infra-red telegraphy and telephony. 

The mechanism of photo-electric conductivity has been the 
subject of experiment and discussion by Gudden and Pohl ° and 


1 Pfund, Phys. Rev., '7, p. 298, 1916. 

2 Case, ibid., 9, p. 305, IQI7. 

3Coblentz, Bureau of Standards, Scientific Papers, No. 322, 1918; No. 338, 
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No. 456, 1922. 

4 Ries, Phys. Zeit.,9, p. 569, 1908; Brown, Phys. Rev., 33, p. 1, 1911; Coblentz 
Bureau of Standards, Scientific Papers, No. 398, Oct., 1920. 

5 Case, Phys. Rev., 15, pp. 289-292, 1920; Fourn. Opt. Soc. Amer., 6, pp. 398-406 , 
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by Kaempf.! The phenomena are considerably simplified if 
single crystals are made use of. There is some evidence that the 
absorption of light in such bodies is governed by quantum 
relations, and in a later paper Gudden and Pohl have given 
further data to establish the quantum equivalent law for photo- 
electric conduction. For the Planck constant a value 7 x 1077" 
erg. sec, has been found. (See pp. 182-183.) 

The sensitiveness of selenium to light, as shown by the changes 
in the electrical conductivity, has been the subject of a very great 
number of investigations. The explanation put forward inde- 
pendently by Berndt” and by Marc,’ is based on the assumption 
that there are a number of allotropic modifications of selenium, 
and that light brings about a transformation from one variety to 
another. On the other hand, Ries* supports the view that the 
change of conductivity is due to the liberation of slowly moving 
electrons, which remain within the substance and thus increase 
its conducting power. This theory would bring the behaviour of 
selenium into line with other photo-electric actions, It is sup- 
ported by the facts that no evolution of heat can be detected in 
the supposed transformations, and that selenium is sensitive to 
light at the temperature of liquid air. 

In a lengthy series of papers mostly published in the Physical 
Review from 1913 to 1915 F. C. Brown has discussed the nature 
of electrical conduction in selenium. From a study of a great 
variety of crystals which he produced, some of them very large, 
he was led to a theory of conduction in selenium which resembles 
J. J. Thomson’s “ doublet ” theory of metallic conduction. Under 
the influence of illumination, the electrons are supposed to be un- 
stable or free, but on the average they recombine rapidly with 
the atomic structures. 

An adequate discussion of the complicated and difficult ques- 
tions here involved is beyond the scope of the present work. 

(6) The production of an electromotive force by illumination 
of a crystal was discovered by S. Kolzareff*® in the course of 


1Kaempf, Phys. Zeitschr., 23, pp. 420-423, 1922. 
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experiments on the photo-electric conductivity of molybdenite. 
The same effect was found in argentite (Ag, S) by Paul H. 
Geiger ' who observed an electromotive force of 0:013 volt under 
the influence of an illumination of 600 metre-candles. The 
electromotive force showed a sharp maximum for a wave-length 
of about 1 yw. Six other minerals showed the effect. Experi- 
ments on the subject have also been made by Coblentz.” 

(7) Mention may be made here of the observation of Shen- 
stone* that the photo-electric current from a plate of bismuth or 
(to a smaller degree) of zinc depends on the magnitude of a 
current passing through the plate. It may be objected that this 
is due to the heating or to the magnetic effect of this latter current, 
but control experiments seem to negative such explanations. 

(8) A peculiar photo-electric effect has been observed by Lang- 
muir * in vacuum tubes containing caesium vapour. ‘The action 
of white light on an adsorbed film of caesium seems to cause this 
surface to reflect elastically electrons which are incident upon it. 
The effect disappears if a piece of red glass is placed in front of 
the light source, and seems to be due mainly to blue-green light 
of wave-length about 5300A. A similar effect has been observed 
with a nickel surface. 

(9) Some reference may be made to the interesting phenome- 
non which has been named by Ehrenhaft ° “ Photophoresis.” This 
consists of a motion of small particles of radius from 3 x 107° 
cm, to 200 x 10~*° cm, when illuminated by an intense beam of 
light. The motion may be either “ght-posztive or light-negative, 
7.¢., with or against the direction of the light. The speed of the 
motion increases with rarefaction of the surrounding gas. The 
effect has been ascribed to radiometer forces,° but according to 
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Halpern! the radiometer theories in their present form are able 
to give only a poor explanation of a number of important char- 
acteristics of the observations. 
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CHAPTER VII. 


PHOTO-ELECTRIC SUBSTANCES: GASES AND 
VAPOURS. 


PHOTO-ELECTRIC ACTIVITY OF GASES, 


THE question whether gases show any photo-electric activity 
is a very important one. Since we have to deal with isolated 
molecules instead of with matter in bulk, we might expect 
investigations on this subject to give valuable information as to 
the mode of liberation of electrons from the molecule. The effect 
is, however, extremely small, and the experimental difficulties are 
great. Light of very short wave-length is required, and this is 
likely to produce strong photo-electric action by illuminating the 
solid surfaces of the apparatus or suspended dust particles. 

If some of the molecules of a gas lose negative electrons 
when irradiated by ultra-violet light, we should expect the gas to 
show increased conductivity. At ordinary pressures the electron 
will probably soon become attached to another molecule, forming 
a negative ion, while the molecule from which it has escaped will 
act as a positive ion. Thus the gas would be ionised. 

Lenard! experimented on gases, using ultra-violet light of 
short wave-length derived from a spark between aluminium 
terminals. The light passed through a layer of air 2 mm. thick 
and through a quartz window. In order to prevent any photo- 
electric action from surfaces on which the light fell, these were 
covered with soap and water. A charged conductor on the far 
side of the quartz window lost a positive charge more rapidly than 
a negative. This was explained by assuming a greater velocity 
for the negative ion than for the positive, an assumption verified 
by a method used by Zeleny. According to Lenard, air, oxygen, 
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carbon dioxide, hydrogen, and coal gas are all ionised in this 
way. 

These results have been much criticised. J. J. Thomson! 
holds that the small velocity of the positive ions points to the 
presence of dust particles or small drops of impure water. 
Bloch? has investigated the question experimentally, and attri- 
butes Lenard’s results to dust particles in the gas. Stark * also 
criticises the conclusions on the ground that the light would 
have very small intensity for wave-lengths less than 180 muy. 
But light of greater wave-length is not absorbed by hydrogen, 
which according to Lenard shows as much ionisation as carbon 
dioxide. 

Schumann has proved that light from near the kathode of a 
vacuum tube contains a large proportion of waves of extremely 
short wave-length (less than 180 yu). The effect of this radiation 
was first investigated by F. Palmer,* who found that considerable 
ionisation of air is produced by waves shorter than 185 py, and 
that the amount increases as the wave-length decreases. Lyman ® 
has shown that the radiation, issuing through a fluorite window 
from a vacuum tube containing hydrogen at 2 mm. pressure, 
ionises the air just outside the window. If this air is blown 
against a charged plate connected with an electroscope, the latter 
rapidly loses its charge. A piece of microscope cover glass 0-2 
mm. thick placed on the fluorite window is sufficient to annul the 
effect. The active rays are largely absorbed within 1 mm. of the 
window. 

J. J. Thomson,° in a paper on the ionisation of gases by ultra- 
violet light, describes experiments by G. W. C. Kaye in which 
the source of light was a vacuum tube provided with a Wehnelt 
kathode which was raised to a white heat. With this arrange- 
ment a comparatively small potential difference (300 volts) 
produced a large current (about o'1 ampere) through the discharge 
tube. The light passed through a quartz window o-4 mm. thick 


‘J, J. Thomson, Conduction of Electricity through Gases, second edition, p. 254. 
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into a small box, through which a current of dry dust-free gas 
was made to flow. The gas then flowed between two concentric 
cylindrical tubes, the outer charged to 100 volts, the inner con- 
nected to an electroscope. 

With air the natural leak was increased 8 times as the 
maximum, when the gas was exposed to ultra-violet light. 

With carbon dioxide the natural leak was increased as much as 
16 times by the ultra-violet light. 

With ammonia the natural leak was increased as much as 150 
times by the ultra-violet light. 

The ultra-violet light is absorbed by a few millimetres of air 
at atmospheric pressure, and is absorbed still more strongly by 
coal gas. The greater portion of the effective ultra-violet light 
came from quite close to the anode. 

Further experiments were carried out at Cambridge by A. LI. 
Hughes,’ who was unable to obtain definite indications of ion- 
isation of air due to ultra-violet light which had passed through 
thin quartz plates. But one particular plate of fluorite was 
obtained which transmitted ultra-violet light capable of producing 
positive as well as negative ions in air. If negative ions alone 
are produced by the light they may be due to surface ionisation, 
but the presence of positive carriers indicates an actual ionisation 
of the air by the ultra-violet light. Special experiments with a 
Wilson expansion apparatus were carried out to show that dust 
particles had been effectively removed. The mobilities of the 
positive ions produced by ultra-violet light and by X-rays were 
found to be identical. According to Hughes, the ionisation of air 
by ultra-violet light sets in at about wave-length 135 wu. If we 
assume that this critical wave-length is associated with the oxygen 
of the air, and that Einstein’s formula with Planck’s constant can 
be applied to this case, the ionising potential may be calculated, 
and is found to be 9:2 volts (Hughes). This agrees well with the 
-yalues found experimentally for oxygen by Franck and Hertz,’ 
g‘o volts; Hughes and Dixon,’ 9:2 volts; Bishop,* 9:0 volts. 

1 Hughes, Proc. Camb. Phil. Soc., 15, pp. 483-491, 1910; Phil. Mag., 25, p. 685, 
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These values, however, as Hughes! has pointed out, may be 
radiating and not ionising potentials. Mohler and Foote’ give 
7-91 volts as the radiating potential, and 15°5 volts as the 
ionising potential for oxygen. The value last named is that at 
which molecular ions are produced.? 

The conclusion of Hughes that the ionisation of air by light 
cannot be produced by light whose wave-length is greater than 
about 135 wu is not accepted by Lyman.* Palmer has found a 
small but perfectly definite volume ionisation using the light from 
a mercury arc, and Lyman has been unable to discover any lines 
in the spectrum of the arc below 140 yu. According to Bloch® 
ionisation is produced by the light from an arc in quartz—that is, 
by light for which the wave-length is longer than 170 py. 

The volume ionisation produced in a gas by light of extremely 
short wave-length has been carefully studied in a later investi- 
gation by F. Palmer.® The source of light was a discharge tube 
containing hydrogen. There are strong hydrogen lines from 165 
py to125 wy. The light passed from the discharge tube through 
a window of clear white fluorite into a “screen cell” containing 
oxygen. By varying the pressure of the oxygen in this cell more 
or less of the effective rays could be cut off. From this cell the 
light passed through a second fluorite window into the ionisation 
chamber. A current of gas was passed through the ionisation 
chamber, and thence, with the ions there produced, into the 
testing cylinders. The Hallwachs effect was eliminated by 
coating the surfaces exposed to light with soap solution. The 
experiments showed marked ionisation in air and oxygen, 
practically none in hydrogen, and an unexpectedly large effect in 
nitrogen. This may be due to strong absorption in nitrogen for 
wave-lengths between 150 ww and 130 wu. The extremely small 
ionisation observed with hydrogen proves that the effects with the 
other gases cannot be due to photo-electric action at the surfaces 
of the ionisation chamber or to dust. The insertion of a long 

1 Hughes, Report on Photo-electricity, p. 134, 1921. 

2 Mohler and Foote, Optical Soc. America, ¥., 4, p- 491, 1920. 

3H. D. Smyth, Proc. Roy. Soc., '795, p. ILI, 1924. 

4Lyman, Phys. Zeitschr., 13, pp. 583-584, 1912; Nature, 91, p- 371, 1913. 


> Bloch, C. R., 155, p. 1076, 1912. 
SF, Palmer, Phys. Rev., 32, pp. 1-22, IgII. 
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plug of cotton-wool in the stream of gas was without influence, 
again proving that dust had been effectively removed. Curves 
were obtained showing the ionisation produced for various 
pressures of the oxygen in the screen cell. It was found that the 
power of ionisation increases greatly with decrease in wave-length, 
so that the currents obtained were large compared with those 
used by other observers. 

When a gas in the luminous state emits rays which are photo- 
electrically active, it might be expected, if the emission of 
electrons is a resonance effect, that the same gas when exposed 
to these particular rays would show greater photo-electric activity 
than when it is exposed to rays from other sources of light. In 
order to test this point Cannegieter! constructed an apparatus 
consisting of a discharge tube, an absorption space, and an ion- 
isation chamber. Each part was air-tight, and could be filled with 
any desired gas. No selective effect of the kind sought for was 
observed in these experiments. 

An elaborate investigation carried out by Lenard? in 
collaboration with C. Ramsauer at the Radiologisches Institut 
of Heidelberg explains many of the earlier difficulties in con- 
nection with the action of light on gases, and shows that, in 
consequence of the presence of small traces of impurities, the 
effects are often very complicated. 

Three different actions of ultra-violet light on dust-free gases 
may be distinguished : 

1. The formation of electrical carriers of molecular size, caused 
by selective absorption of the light. 

2. Chemical action—e.g. the production of ozone in oxygen.* 

3. The formation of condensation nuclei, that is, the formation 
of solid or liquid products by the direct action of the light on the 
gases. 

It is extremely difficult to remove the last traces of easily 
condensed gases and vapours, such as ammonia, carbon dioxide, 


!Cannegieter, Konink. Akad. Wetensch. Amsterdam, Proc., 13, pp. II14-1I19, 
IgIt. 

2P, Lenard and C. Ramsauer, “ Ueber die Wirkungen sehr kurzwelligen ultra 
violetten Lichtes auf Gase und tiber eine sehr reiche Quelle dieses Lichtes,” Heidel- 
berger Akademie, Igto-rg11. C. Ramsauer, Phil. Mag., 23, pp. 849-852, 1912. 

® See Chap. XIV, p. 241. 
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organic vapours, and water vapour, present in small quantities in 
the air. Even if the air is carefully purified it is liable to re-con- 
tamination, for the walls of the vessel spontaneously give off 
traces of vapour which they have previously absorbed from the 
air, unless such surfaces are heated to dull redness. These im- 
purities lead to the formation of nuclei originally uncharged, 
when the air is exposed to ultra-violet light. These molecular 
aggregates are not formed in very pure air. 

The experimental results already recorded show that ionisa- 
tion will be produced in the atmosphere of the earth by the solar 
rays. In the outer regions of the atmosphere there will be 
direct ionisation of the gases through the action of the extreme 
ultra-violet rays, and somewhat lower down there will be indirect 
ionisation due to the presence of dust particles which show 
photo-electric activity for longer wave-lengths. There will also 
be the formation of condensation nuclei, such as drops of hydrogen 
peroxide formed from water vapour under the influence of ultra- 
violet light. Whilst the production of ions in the atmosphere 
may be largely due to ionising rays from radio-active substances, 
these complicated effects produced in the atmosphere by sunlight 
(and also by the emission of electrified particles from the sun) 
raise important and interesting questions in connection with 
meteorological phenomena! and the propagation of electro- 
magnetic waves round the earth. Marconi in 1902 observed 
marked differences in the transmission of artificial electro- 
magnetic waves over long distances by day and by night, the 
signals being more easily read by night. Striking effects have 
also been found about the time of sunrise and sunset. Eccles 
has observed corresponding diurnal variations in the number and 
intensity of the natural wave-trains or “strays” received at 
particular stations. These remarkable results no doubt depend 
in some way not yet clearly understood on changes in the state 
of ionisation of the atmosphere. At sea-level the air is only 
slightly ionised, while at the height of a few miles it is found by 
observations from balloons that the ionisation is sometimes 


'Ramsauer, Nature, 88, p. 212, 1911; C. T. R. Wilson, Phil. Trans., 221, 


De 73512020), 
2 Eccles, Proc. Roy. Soc., A. 87, pp. 79-99, 1912; Nature, 115, p. 260, 1925. 
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20 times that at the surface. At greater heights the ionisation is 
doubtless still larger. Eccles supposes that during the day the 
electric waves travel in a comparatively thin shell between the 
middle atmosphere and the surface of the earth, while at night 
they travel in the much wider shell below the high conducting 
layer postulated by Heaviside.’ Electric radiation starting from 
a point on the earth’s surface is supposed to suffer refraction 
downwards when it reaches the ionised stratum of the atmos- 
phere. By means of some such assumptions it may be possible 
to account for the phenomena,’ 

For a discussion of the bearing of photo-electric phenomena 
on atmospheric electricity the reader may be referred to a small 
volume published by Dr. Karl Kahler.* 


PHOTO-ELECTRIC ACTIVITY OF VAPOURS. 


The study of photo-electric phenomena would be greatly 
facilitated were it possible to study conveniently ionisation by 
light in a gas or vapour. The ionisation of gases can only be 
produced by ultra-violet light of very short wave-length. 

Only a few vapours are known in which ionisation can be 
produced by the action of light. It might be expected that the 
vapours of the alkali metals would be ionised by light of com- 
paratively long wave-length, but the experimental difficulties are 
very great. Sodium vapour shows increased conductivity when 
illuminated by ordinary light. Gilbreath * experimented on potas- 
sium vapour in a glass tube impervious to ultra-violet light, and 
concluded that the vapour, at temperatures not over 65° C., was 
ionised by ordinary light. Further experiments on potassium 
vapour have been carried out by Williamson,* who found evidence 
of ionisation, and concluded that there is a long-wave limit in 
this case which can be calculated from the ionising potential by 


1JIn an article on the ‘‘ Theory of the Electric Telegraph,” written for the 
Encyclopedia Britannica in June, 1902, F 

2 See Larmor, Nature, 114, p. 650, 1924; Phil. Mag., Dec., 1924; Appleton and 
Barnett, Nature, 115, p. 333, 1925; and references at the end of the chapter. 

3 Kahler, Luftelektrizitdt, pp. 140-144, Sammlung Goschen, Berlin and Leipzig, 
IgI3. 

4 Gilbreath, Phys. Rev., 10, pp. 166-170, 1917., 

5 Williamson, Nat. Acad. Sci. Proc., 8, pp. 255-260, 1922. 
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means of the quantum relation. R. Samuel ' showed independently 
that light of frequency near the absorption series limit (2857 A.U.- 
for potassium) produced a considerable effect in ionising the 
vapour. No increase in the effect could be observed when wave- 
lengths shorter than 2804 A.U. were employed. Caesium vapour 
has been investigated by Kunz and Williams,’ who took special 
precautions to eliminate surface effects. They found that the 
vapour was ionised by light of wave-length X 3190, but not by 
longer waves. This corresponds to the limit (A 3191) of the 
principal series of doublets in the spectrum. Stark * has shown 
that there is a true photo-electric effect in the case of anthracene, 
diphenylmethane, a-naphthylamine, and diphenylamine. The 
light producing ionisation has wave-length between 180 and 
380 wu. Steubing* has shown that fluorescing mercury vapour 
is ionised. In these experiments the apparatus has to be kept 
at a high temperature, so increasing the difficulties of the experi- 
ment. Jodine vapour,’ though it absorbs much light, shows no 
increase in conductivity when illuminated. Whiddington® ex- 
amined fluorescing iodine vapour, but no trace of ionisation could 
be detected even when the applied electric field was almost strong 
enough to produce a discharge. In this experiment the light 
from an arc lamp appears to have been filtered through the glass 
wall of the tube, so that no short wave-lengths were made 
use of. 

Reference must also be made to some interesting results 
obtained by G. Owen and H. Pealing,’ who found that when 
moist air (or oxygen) containing iodine vapour is illuminated, 
uncharged nuclei are produced which are very unstable, dis- 
appearing in a few seconds in the dark. The presence of the 
nuclei was rendered evident by suddenly expanding the air 
in a Wilson expansion apparatus. This effect seems to depend 


IR, Samuel, Zeits, f. Physik, 29, pp. 209-213, 1924. 

2 Kunz and Williams, Phys. Rev., 22, pp. 456-460, 1923. 

® Stark, Phys. Zeitschy., 10, pp. 614-623, 1909. 

4 Steubing, zbid., pp. 787-793, 1909. 

5 Henry, Proc. Camb. Phil. Soc., 9, p. 319, 1897. 

6 Whiddington, ibid., 15, p. 189, 1909. 

7G. Owen and H. Pealing, Phil. Mag., 21, pp. 465-479, IgII. 
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on the presence of small traces of impurity on the glass walls of 
the vessel or on the glass-wool used as a filter for the air. 

The production of uncharged condensation nuclei in the 
presence of vapours must be regarded as a photo-chemical effect 
which is only indirectly related to photo-electric action. Such 
cases have been studied by Tyndall,? Aitken? and C. T. R. 
Wilson.* 

With a view to detecting ionisation due to photo-electric 
action, Hughes’ examined the vapours of carbon bisulphide, 
carbon dioxide, tin tetrachloride, and zinc ethyl. The source 
of light was a mercury arc in quartz, and the ionisation chamber 
was provided with a quartz window, the shortest wave-length ° 
employed being 184°9 wy. In no case was any trace of ionisa- 
tion detected. For the same amount of light energy, the leak 
from a zinc or carbon surface would be about a million times 
that of the smallest effect which could be measured in these 
experiments. 
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CHAPTER VIII. 


THE INFLUENCE OF TEMPERATURE ON THE 
PHOTO-ELECTRIC DISCHAKGE, 


THE experimental investigation of the influence of temperature 
on photo-electric activity is of great importance, as the results 
have a direct bearing on any attempt to elucidate the mechanism 
of the discharge. 

Adopting the view that the photo-electric current is due to 
the emission of negative electrons from the illuminated surface, 
a change in temperature may cause (I) a change in the number 
of electrons emitted, (2) a change in the initial velocity of these 
electrons, (3) when the discharge is carried through a gas, 
changes in the number, character, and velocity of the ions formed 
in the gas by adhesion or collision. 

In addition to the direct action of temperature on the photo- 
electric current there may be secondary actions—e.g. actions due 
to chemical or physical changes in the state of the metal surface, 
or of the gas in contact with it. 

When experiments are carried out in gases at ordinary 
pressures, it is very difficult to disentangle these effects, and 
it is not surprising that contradictory results have been obtained. 
It is only from experiments carried out ina high vacuum that 
we can hope to obtain clear indications as to the relations 
between photo-electric activity and temperature. 

Most of the early experiments on the influence of temperature 
were made at ordinary pressures. Although the results are not 
of great value in elucidating the theory, they are of some impor- 
tance as showing the marked variations in activity arising from 
various secondary causes. 

Hoor! observed a considerable increase in the activity of a 
zinc plate, warmed to 55° C., as it cooled to the temperature 


1 Hoor, Wien Berichte, 97, p. 719, 1888. 
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of the room (18° C.). Stoletow! made experiments on the 
influence of temperature, using platinum plates. The apparatus 
was placed in an air bath and gradually heated to 200°C. The 
photo-electric effect was found to increase, but the changes were 
somewhat complicated, and secondary maxima and minima 
were observed. Righi® found that the positive potential, ac- 
quired under the influence of light by an uncharged plate in air, 
increased with the temperature. 

Elster and Geitel*® found no alteration with temperature 
in the discharge current from zinc. On the other hand, they 
observed that the activity of a photo-electric cell containing 
potassium increased with rise of temperature up to about 60° C. 
In this case the metal was contained in a vessel containing gas 
at the “critical” pressure of 0°3 mm. of mercury. 

J. J. Thomson * states that when the temperature is raised 
to about 200° C. there is a very great increase in the current 
from the alkali metals. 

Experiments in air at atmospheric pressure were carried 
out by Zeleny’® on platinum and iron wires heated by means 
of an electric current. With a platinum wire the photo-electric 
current at first diminishes as the temperature rises, reaches 
a minimum between 100° C. and 200° C., and subsequently 
increases up to about 700° C., when its value is about twice 
that at the temperature of the room (Fig. 28). A limit to the 
temperatures that can be employed is imposed by the fact that 
the wire begins to discharge electricity due to heat alone, and 
when this effect is large, it is difficult to distinguish it from the 
true photo-electric effect. 

The rate of discharge due to light at any temperature depends 
on the previous history of the wire. This is illustrated by the 
curves in Fig. 29, in which the Roman numerals indicate the 
order in which the different series of observations were taken. 
When a certain temperature is reached by cooling the wire 
down from a higher temperature, the current is much greater 

1 Stoletow, C. R., 108, pp. 1241-1243, 1889. 
2 Righi, fournal de Physique, 10, p. 538, 1891. 
3 Elster and Geitel, Wied. Ann., 48, p. 634, 1893. 


4]. J. Thomson, Conduction of Electricity through Gases, p. 239. 
5 Zeleny, Phys. Rev., 12, pp. 321-339, Igol. 
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than if the wire had been heated up to the same temperature. 
The most marked difference in the curves appears at a tempera- 
ture of about 100° C., “indicating that at this temperature some 
more or less sudden change in the conditions takes place.” An 
obvious suggestion to make is that the change is connected with 


the condensation of water vapour. 
From an iron wire the rate of discharge diminishes somewhat 
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as the temperature is raised, but after passing a minimum it 
increases fairly rapidly and becomes many times as great as at 
the temperature of the room, the current at 700° C. being about 
40 times that at 15° C. 

With iron there was not the same tendency as with platinum 
for readings taken with decreasing temperatures to exceed those 
taken with increasing temperatures. 
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Varley and Unwin? carried out many series of observations 
on the photo-electric current from platinum at different tempera- 
tures, using various gases and making the tests (1) at atmospheric 
pressure, (2) at a pressure of about 50 mm. of mercury, (3) at 
very low pressures. The temperature of the metal, which was 
a piece of platinum foil, was varied between 5° and 500° C. by 
passing through it the current from two large secondary cells. 
Measurements of temperature were made by means of a platinum- 
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rhodoplatinum junction. As Varley had previously found that 
satisfactory results could not be obtained at low pressures by 
using wire or gauze electrodes, owing to the electrons passing 
through the meshes of the gauze, in these experiments the second 
electrode was a copper disk. The source of light was a discharge 
between iron terminals in an atmosphere of hydrogen. 

The final value of the photo-electric current was not attained 


1 Varley and Unwin, Proc. Roy. Soc. Edin., 27, pp. 117-134, 1907. 
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for some minutes after increasing the heating current, though the 
platinum took up its final temperature within a few seconds. 

(1) The curve obtained from experiments in air at at- 
mospheric pressure resembles in form that given by Zeleny, but 
the minimum is at a temperature about 200° higher (Fig. 28). 
This may be explained by the facts that Zeleny used a potential 
difference of 72 volts for a distance of 1°6 cm., which would be 
insufficient to give a saturation current, and that in his experi- 
ments the readings were taken at short intervals, the whole 
series only occupying about twenty minutes. 

The results in carbon dioxide at atmospheric pressure were 
very similar to those in air at the same pressure. If the actual 
values of the currents observed in carbon dioxide are multiplied 
by 1'22 and then plotted against the temperature, the points 
fall on the curve for air (Fig. 28). 

In hydrogen the current increases steadily with temperature 
from the ordinary temperature of the room, the experiments 
being made at atmospheric pressure. 

(2) When the pressure was reduced to somewhat less than 
50 mm. of mercury, the results were similar to those at the 
higher pressure; but neither in carbon dioxide nor in air was 
a point reached at which the current began to increase with 
the temperature. 

(3) In the experiments carried out at very low pressures the 
nature of the residual gas was found to have comparatively little 
influence on the result. When a small heating current was 
passed through the platinum the sensibility at first increased, 
but when a temperature of 60° C. was reached no further increase 
occurred, the sensibility remaining constant from 60° C. to at 
leasG350 °C. 

It is pointed out that the passage of the heating current 
through the platinum may produce a change in sensibility apart 
from the rise of temperature produced. (See p. 97.) 

Interesting results were obtained by Lienhop! from ex- 
periments carried out at low temperatures on carbon and iron. 
He established the fact that both the photo-electric current 
from, and the positive potential acquired by, these substances 


1 Lienhop, Ann. d. Physik, 21, pp. 281-304, 1906. 
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are independent of the temperature, from the temperature of 
the room down to the temperature of liquid air. This was 
done by obtaining the velocity distribution curves, both at 
ordinary temperatures and at very low temperatures, secured by 
the use of liquid carbon dioxide and liquid air. The resulting 
curves were of practically the same form at these widely 
different temperatures 

Dember? found no influence of temperature in a very high 
vacuum in the case of the alkali metals exposed to light. This 
result holds for sodium between 26° and 110° (sodium becomes 
fluid at 96°), for potassium between 34° and 70°, and for sodium- 
potassium alloy between 20° and 80°. The experiments of Elster 
and Geitel showing a change with temperature were not carried 
out in the highest vacuum but at the “critical” pressure, 0°3 mm. 

Jacob Kunz? found that the positive potential acquired by 
sodium-potassium alloy does not increase with increasing tempera- 
ture ; there was rather a slight decrease of the deflection, attributed 
to increasing conductivity of the glass wall of the cell. 

According to Ives*® the photo-electric current from pure 
potassium in highly exhausted cells varies with temperature, the 
variation, which is negligible above 0° C., becomes greater the 
lower the temperature. The change is in consonance with the 
supposition that the work function of the surface is altered, and 
on cooling from + 20° to — 180° CG. is increased by about 0:2 
volt. 

The complete photo-electric emission from the liquid alloy of 
sodium and potassium has been investigated by W. Wilson.* The 
law governing the variation of the emission with the temperature 
of the source of radiation is well expressed by O. W. Richardson’s 
formula for the temperature variation of the thermionic emission 
from metals. 

Millikan and Winchester °® carried out an investigation on the 
influence of temperature on photo-electric effects in a high vacuum. 
The vacuum was produced by a specially designed mercury pump 

1Dember, Ann. d. Physik, 23, p. 957, 1907. 
2 Jacob Kunz, Phys. Rev., 29, pp. 174-176, 1909. 
3H. E. Ives, Optical Soc. of America, F., 8, pp. 551-580, 1924. 


4°W. Wilson, Proc. Roy. Soc., 93, pp. 359-372; 1917. 
5 Millikan and Winchester, Phil. Mag., 6, 14, pp. 188-210, 1907. 
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made entirely of glass, and could be maintained for months, the 
pressure registered by a MacLeod gauge being 00001 mm. The 
first experiments were made with an electrode of aluminium, and 
went to show that temperature had no effect whatever upon the 
rate of discharge of electrons from aluminium, between 50° C. and 
343° Cy 

Experiments were afterwards made so as to obtain results for 
a series of metals under identical conditions. The metals used 
‘were copper, nickel, iron, zinc, silver, magnesium, lead, antimony, 
gold, aluminium, and brass. The natural leak of the system 
became so great at temperatures above 150° C. that it could not 
be allowed for with certainty. Between 25° C. and 125° C., rise 
of temperature had no effect on the discharge of negative electricity 
from the metals named above, the observational error being 
seldom more than 2 per cent. 

These investigators also examined the effect of temperature 
on the velocity of projection of electrons from different metals. 
The maximum velocity was determined by measuring the positive 
potential assumed under the influence of light. 

Between 25° C. and 100° C. the positive potential was found 
to be completely independent of temperature, the observational 
error here being less than I per cent. The average time taken for 
the electrometer needle to acquire a permanent positive deflection 
was about 90 seconds. 

Ladenburg’ carried out an investigation on the photo-electric 
effect at high temperatures. Referring to the contradictory 
results of previous experimenters, he points out that a rise of 
temperature may alter the surface of the plate, and in particular 
may free it from occluded gases. His experiments were carried 
out in a vacuum so good that the mean free path of the electrons 
was greater than the distance between the electrodes. A mercury 
vapour lamp of quartz was used to illuminate the plate E through 
the quartz window Q (Fig. 30). 

The leak was measured by a sensitive Dolezalek electrometer, 
using Bronson’s method. In this method a high resistance is 
employed, consisting of an air condenser W (Fig. 30), in which 


1Ladenburg, Deutsch. Phys. Gesell. Verh., 9, pp. 165-174, 1907. 
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the air is ionised by a radio-active salt R. The resistance in 
this case amounted to 4°55 x 10° ohms. 

Electrodes of platinum, gold, and iridium were used, in the 
form of plates about o-or mm. thick and o8 x 0°3 cm. in area. 
They could be heated by a current from accumulators, and the 
temperature was determined by measuring the resistance. In 
order to free the plates from occluded gases they were heated for 
several hours before an experiment, an automatic pump being 


Fic, 30. 


at work the whole time. If air or hydrogen is allowed to remain 
occluded in a (platinum) plate, the photo-electric activity may be 
50 per cent. greater than with a gas-free plate. 

It was impossible to test the photo-electric activity for 
temperatures above 800° C., since at higher temperatures discharge 
takes place without illuminating the plate. 

As the temperature is raised from 20° C. the activity increases 


to a maximum at about 100° C. and then diminishes. By 
8 * 
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repeating the heating and cooling several times, this maximum 
becomes less marked, and finally disappears almost entirely. On 
allowing the plate to stand for a time and repeating the experi- 
ment the maximum again makes its appearance. Since it occurs 
at about 100° C., Ladenburg attributes it to water vapour. 

Iridium and gold gave results similar to platinum. It is con- 
cluded that the number of electrons emitted from these metals is 
independent of the temperature of the illuminated plate up to 
about 800°C. The velocity of the electrons emitted was measured 
at various temperatures by determining the magnetic deflection, as 
in the experiments of Lenard. No alteration in velocity with 
temperature could be observed. 

Koppius' found that while platinum filaments coated with 
oxides of barium and strontium gave values for the photo-electric 
current and the long-wave limit which varied with temperature, 
uncoated platinum strips, after preliminary heat treatment, gave 
a current independent of the temperature to 500°, except for a 
slight decrease due to the magnetic effect of the heating current, 
and the long wave-length limit remained constant within I per 
cent. at 2570 A.U. 

The photo-electric threshold or long wave-length limit, A,, of 
platinum has been found by Tucker?” by plotting current per unit 
light intensity against wave-length. After moderate heat treat- 
ment of the platinum foil A, is the same at 600° as at 20°. But 
on glowing the foil at high temperatures the value of A, is found 
to vary with the previous heat treatment. The conclusion is 
drawn that the effects ordinarily observed must be due to some 
kind of surface film. 

Hallermann * has investigated the influence of temperature and 
the occlusion of gases on the photo-electric effect of metals and of 
metallic oxides and sulphides. He concludes that temperature 
is without influence in all these cases, but the occlusion of gases 
diminishes the photo-electric sensibility. 

Nielsen* has shown that the photo-electric effect for alu- 


' Koppius, Phys. Rev., 18, pp. 443-455, 1921. 

2 Tucker, Phys. Rev., 22, pp. 574-581, 1923. 

* Hallermann, Zeits. Wiss. Phot., 13, pp. 186-207, 1914. 
4 Nielsen, Phys. Rev., 25, pp. 30-40, Jan. 1925. 
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minium irradiated by light of wave-length A 2537 is independent 
of temperature between 400° and 100° C. within 4 per cent. 

Reviewing the experimental work available as to the influence 
of temperature on photo-electric effects, the balance of evidence 
is in favour of the view that, when secondary actions are elimin- 
ated, the number of electrons and the velocity of emission are 
independent of the temperature. 

Incidentally we may notice that the alteration of resistance 
of selenium when exposed to an arc lamp is independent of 
temperature, from laboratory temperatures down to — 185° C.! 

Further, the effects of phosphorescence, which according to 
Lenard’s theory is intimately connected with photo-electric 
emission, can be observed at the lowest obtainable temperatures, 
certainly at the temperature of solid hydrogen. 

Various attempts have been made from the standpoint of the 
older mechanics to account for the result that photo-electric action 
is independent of temperature. 

The result is to be explained, according to Lienhop, by 
assuming that the electrons emitted under the influence of light 
are quite different from those that bring about the emission of 
light when the temperature is raised. The internal energy of 
the electrons of the photo-electric discharge is not affected by 
temperature. 

Ladenburg prefers a different explanation. Active light has 
a very high frequency. The electrons in the illuminated plate are 
in a certain state of vibration at a definite temperature. A certain 
proportion of them are caused to resonate by the incident light 
and are discharged. If the temperature is raised to 800° C., more 
electrons will vibrate with a higher frequency than at lower 
temperatures; but the increase in the number of resonating 
electrons is too small to be observed. 

The negative electrons liberated from a metal exposed to 
radiation may be attributed to two possible sources. They may 
come from the “ free” or ‘‘ metallic” electrons, to which the con- 
ductivity of the metal is due, or they may be derived from atomic 
systems which become unstable under the influence of the 
radiation. 

1Pochettino, Rend. R. Acc. dei Lincei, 11, p. 286, 1902. 
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According to the first view, the free electrons by absorbing 
energy from the incident light must acquire a velocity sufficiently 
great to enable them to escape from the metal surface. If the 
temperature is raised the kinetic energy of the free electrons is 
increased, as these are supposed to be subject to the ordinary gas 
laws, and a smaller increase in energy would be required to 
permit them to escape. Thus we should expect the number of 
electrons emitted in unit time to increase as the temperature 
rises. But if the energy of a “free” electron in the metal is 
small compared with the work an electron would have to do to 
escape, this increase would be a small one and might only become 
appreciable at high temperatures, when thermionic emission would 
be on the point of taking place. 

If, however, the electrons are, as it were, expelled from the 
atoms by a species of instability induced by the incident light, 
we should not expect temperature to have any influence on the 
number or velocity of the electrons liberated, since we have no 
reason to believe that the internal energy of the atom is dependent 
on temperature. 

The quantum theory cuts the knot by adopting certain funda- 
mental postulates, amongst them that which makes the passage 
of a system between stationary states correspond to the emission 
or absorption of an amount of homogeneous radiation defined 
by the energy quantum /y. In photo-electric emission the two 
states will be that of the atom with its electron, and that of atom 
and electron after separation. 

The influence of a change in temperature upon the threshold 
frequency has been discussed by Nielsen! on the basis of Richard- 
son’s theory. He concludes that the temperature variation of the 
threshold frequency or of the long wave-length limit is proportional 
to the Thomson coefficient. Since the Thomson effect is always 
very small, the long wave-length limit should be practically 
independent of temperature. 


1Nielsen, Phys. Rev., 25, p. 34, 1925. 


CHAPTER IX. 


Die INFEOENCE. OF THE INTENSITY OF GH 
LIGHT ON THE PHOTO-ELECTRIC DISCHARGE. 


IN order to form a theory as to the way in which light-waves 
bring about the liberation of electrons from photo-electric sub- 
stances, it is essential to study the relation between the photo- 
electric discharge and the character of the light employed. We 
must examine the influence of the light both on the number of 
the electrons expelled and on the velocity with which they leave 
the substance, For each of these factors we must investigate 
what change, if any, is brought about by varying (1) the intensity, 
(2) the plane of polarisation, (3) the frequency of the exciting 
light. 

Before beginning the study of these relations it will be con- 
venient to pass in review the sources of light! that have been 
employed in photo-electric experiments. 


SOURCES OF LIGHT. 


Except when experiments are made with the more electro- 
positive metals, we require a source of light which shall be rich 
in ultra-violet rays. The light of burning magnesium may be 
used for qualitative experiments, but for quantitative work a 
more constant source is required. We have seen that sunlight 
has sometimes been employed, but most of the ultra-violet rays 
from the sun are absorbed by the atmosphere.’ 

The three sources of light most frequently employed are (1) 
the arc, (2) the spark, and (3) the mercury vapour lamp. 

(1) The photo-electric radiation from the arc has been made 


1 For further details the list of references at the end of the present chapter 
should be consulted. 3 
2, Kron, ‘‘ Extinction of Ultra-violet Light in the Earth’s Atmosphere,” Ann. 
d. Physik, 45, pp. 377-398; 1914; R. J. Strutt, “ Ultra-violet Transparency of the 
Lower Atmosphere,” Proc. Roy. Soc., 94, pp. 260-268, 1918. 
IIQ 
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the subject of a research by R. Lindemann.’ The photo-electric 
current from a sensitive plate (CuO) was measured and plotted 
against the potential difference, current strength, and length of 
arc respectively. Arcs between impregnated carbons produce 
a smaller photo-electric current than arcs between homogeneous 
carbons. The greatest effect is due to the light from the violet 
tufts at the extremities of the electrodes, which consist of unburnt 
carbon vapour, and not to that from the surrounding aureole. 
Varley” recommends as a constant source of light an arc 
between iron terminals, preferably in an atmosphere of hydrogen. 
The electric arc between metallic electrodes of tungsten or 
molybdenum may be used as a source of ultra-violet light. 
Schunck * found that the former metal furnished a very intense 
source of such radiation, giving lines so close together as to form 
an almost continuous spectrum extending to 213 pp (the limit 
of the instrument used). Carbons cored with tungsten powder 
were as effective as electrodes of metallic tungsten if the current 
were increased from 9 to 15 amperes. The tungsten arc is often 
operated in an atmosphere of hydrogen, nitrogen, argon, or a 
mixture of the last-named gases. The spectrum has been 
examined by Luckiesh.t* An enclosed tungsten arc for ultra- 
violet light has been described by Morphy and Mullard.’° 
(2) The spark was used as a source of light in the original 
experiments of Hertz, and many later experimenters have em- 
ployed a spark between terminals of aluminium, zinc, or 
cadmium, Lenard used a 6 mm. spark between zinc terminals ; 
in other experiments he employed a spark between aluminium 
terminals, emitting a very easily absorbed radiation which is 
inappreciable after passing through a few centimetres of air. 
Kreusler and Branly used a spark between aluminium terminals. 
The spectra from sparks between metallic terminals have 
been photographed by Lyman® in the extreme ultra-violet or 


1R. Lindemann, Ann. d. Physik, 19, 4, pp. 807-840, 1906. 

2 Varley, Phil, Trans., A, 202, pp. 439-458, 1904. 

3 Schunck, Rontgen Soc. $., 13, pp. 25-31, 1917. 

4Luckiesh, ¥. Frank. Inst., 185, p. 552, 1918. 

5 Morphy and Mullard, Rontgen Soc. ¥., 12, pp. 70-72, 1916. 

S5Lyman, Phys. Zeitschr., 13, pp. 583-584, 1912; Astrophys. Fourn., 33, pp. 98- 
107, IQIL; 35, PP. 341-353, 1912; Nature, OI, p. 371, 1913. 
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Schumann region. In the case of the aluminium spark the 
spectrum contained some strong lines between 185 pp and 
160 pp, but between 160 wy and. 125 my there was only one 
group of any strength, at about 130 py. 

In examining the effect of various wave lengths of the exciting 
light, Hughes? found that reliable results could not be obtained 
when the spark was used as a source. Millikan? has given an 
account of some remarkable effects produced by using very 
powerful sparks, which caused the emission of electrons with 
velocities unusually large. He has since shown that these 
anomalous results are due to imperfect screening from electro- 
magnetic waves, and that when a powerful spark is used asa 
source of light very great precautions are necessary to avoid this 
source of error. Recently he has extended the spectrum to 20 pu. 

(3) The introduction of the mercury vapour lamp has provided 
a very convenient source of ultra-violet radiation, which possesses 
the advantage that the light intensity can be maintained approxi- 
mately constant over long periods of time. It is of course 
necessary for constancy that the pressure of the electric supply 
should remain unchanged. When current is supplied to such a 
lamp from a battery of accumulators, from fifteen to twenty 
minutes must elapse before a steady state is attained, and even 
after that time small variations may occur in the intensity of the 
light emitted. ; 

Mercury vapour lamps can be obtained constructed of ordinary 
glass, of Uviol glass, which transmits considerable ultra-violet 
radiation, and also of fused quartz. Photometric measurements 
made with the quartz lamps of the firm of W. C. Heraeus have 
been given by R. Kiich and T. Retschinsky * both for visible and 
ultra-violet radiation.t The spectrum has been photographed 
and measured as far as wave-length 334 yw by J. Stark,® using a 
three-prism spectroscope constructed of Jena ultra-violet glass. 


1 Hughes, Phil. Trans. Roy. Soc., 212, p. 205, 1912. 

2Millikan, Phys. Rev., 34, p. 68, 1912; 35, p. 74, 1912; (2) I, pp. 73-75, 
1913; Astrophys. Fourn., 52, p. 47, 1920; 53, p- 150, 1921. 

3 Kiich and Retschinsky, Ann. d. Physik, 20, pp. 563-583, 1906; 22, pp. 595 
602, 852-866, 1907. 

4 See also V. Henri, C. R., 153, pp. 265-267, 426-429, IQIL. 

5 J. Stark, Ann. d. Physik, 4, 16, pp. 490-515, 1905 
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T. M. Lowry! has photographed the spectrum, using lenses and 
prism of quartz. With a short exposure a well-marked line 
spectrum was obtained, extending to about 240 py. 

Hallwachs” has published reproductions showing the ultra- 
violet spectrum, photographed with exposures from I to 256 
seconds. In the last case a faint line appears at 221 py. 

The emission in considerable quantity of waves of still shorter 
wave-length is shown by the production of a large amount of 
ozone, indicating the presence of light of wave-length less than 
200 pp (see p. 241, Chapter XIV). This renders it advisable 
in some cases to place the lamp outside the room in which 
work is being carried on. Care must be taken to avoid more 
than a momentary exposure of the naked eye or even the skin 
of the body, to the direct light from the lamp. 

Hughes? has shown that the light from the mercury arc in 
fused quartz extends to wave-length 184°9 wy, where he finds a 
line that can produce a definite impression on a photographic 
plate. The most refrangible line observed by Lyman‘ is at 
177°5 by 

Later experimenters have used the extremely short waves 
investigated by Schumann and Lyman. These waves are ab- 
sorbed by a few millimetres of air at ordinary pressures. They 
can be produced by passing an electric discharge through a 
vacuum tube containing hydrogen (as far as wave-length 100 ppm) 
or mercury vapour (a strong spectrum between 165 and 103 py).® 
Unless the plate under test is actually in the same vacuum as 
that through which the discharge passes it is necessary to use 
a window to separate the discharge tube from the chamber 
containing the test-plate. Fluorite, the most transparent substance 
known, only transmits as far as 123 pu, and it is very difficult 
to obtain good specimens. Quartz comes next to fluorite in 
order of transparency. Plates of quartz 1 mm. thick will trans- 
mit as far as 150 yp, but the absorption rapidly increases with 
the thickness. 


1See the Royal Institution lecture summarised in Nature, 91, pp. 543-544» I913, 
where a similar photograph is reproduced. 

* Hallwachs, Ann. d. Physik, 30, pp. 598-601, 1909. 

3’ Hughes, Proc. Camb. Phil. Soc., 16, p. 428, 1912. 

‘Lyman, Nature, 91, p. 371, 1913. 5 Ibid., 84, p. 71, 190. 
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Hughes’ has made experiments in which the mercury arc 
and the metal plate under test were placed in the same vacuum. 
He concluded that the ultra-violet spectrum of mercury, investi- 
gated electrically, extends to about 123 wu. Lyman examined 
the spectrum of mercury vapour in a vacuum tube provided with 
a fluorite window and recorded about 200 lines between 126 and 
205 Mh. 

A continuous ultra-violet spectrum is given by a lamp provided 
with a quartz window and containing a band or spiral of tantalum 
or tungsten in an atmosphere of nitrogen or argon. The tempera- 
ture of the filament may be raised above that normally used in 
half-watt lamps.? 

Data relating to the ultra-violet energy in various light-sources 
have been obtained by Bell,* using a thermopile to receive the 
radiation. He has recorded the absolute amount of energy in 
ergs received per second per square centimetre at a distance of 
50 cm. from the source. His results show the marked decrease 
in the output of ultra-violet radiation from a quartz mercury arc 
as the age of the lamp increases. 


In order to examine the effect produced by definite regions 
of the spectrum, the light from the source may be resolved by 
spectrum analysis, using either a diffraction grating or a prism. 
Convenient forms of a monochromatic illuminator for this purpose 
have been constructed by the firm of Adam Hilger (London). 

C. Leiss* has described monochromators which are available 
for the whole range between 200 wy and 750 wy 

Another method which is often useful in dealing with the 
ultra-violet portion of the spectrum is to make use of suitable 
screens which transmit a known region of the spectrum. Thus 
by using fluorite plates possessing different transparency limits 
Hughes® was able to show that the ionisation of air by ultra- 
violet light sets in at about 135 uu. In 1903 R. W. Wood* 

1 Hughes, Phil. Mag., 21, pp. 393-404, IQII. 

2 Gehlhoff, Zeitschr. Techn. Physik, 1, pp. 224-227, 1920. 

3 Bell, Elec. World, April 13, 1912. The results are quoted by Luckiesh, 
Ultra-violet Radiation, p. 116, 

4 Leiss, Zeits. f. Physik, 9, p. 203, 1922. 


5 Hughes, Phil. Mag., 25, p. 685, 1913. 
6 Wood, Phil. Mag., 5, pp. 257-263, 1903; Physical Optics, p. 15, 1911. 
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suggested the use of the peculiar optical properties of nitroso- 
dimethyl-aniline in order to construct screens that should be 
transparent only to ultra-violet light. 

J. Plotnikow! has described a number of filters suitable for 
use witha mercury vapour lamp in order to isolate definite regions 
in the spectrum. Wratten and Wainwright filters for this 
purpose are manufactured in glass or gelatine by the Eastman 
Company. 

The absorption by gases of the ultra-violet portion of the 
spectrum may also be utilised, as in the experiments of Palmer 
already described (p. 102). The coefficient of absorption in a 
number of gases of light which had passed through quartz 
windows has been measured by Varley.’ 


INFLUENCE OF THE INTENSITY OF THE LIGHT ON THE 
NUMBER OF ELECTRONS LIBERATED. 


The number of electrons emitted is directly proportional to 
the intensity of the acting light. This fact, which is of funda- 
mental importance in connection with the theory of photo-electric 
action, has been verified over a wide range. On this proportion- 
ality is based the use of a photo-electric cell in photometric 
measurements (Chapter XVII.). Elster and Geitel® were the 
first to suggest the construction of a photo-electric photometer 
for measuring the intensity of sunlight, and in their first experi- 
ments they employed a surface of amalgamated zinc, which is 
sensitive to the shorter wave-lengths. The employment of such 
a surface was justified by experiments in which it was illuminated 
by light from a spark whose distance could be varied in a known 
manner; good agreement was found between the observed results 
and those calculated on the assumption that the discharge of 
electricity was proportional to the intensity of the light. 

Elster and Geitel* also record some data obtained with 
potassium cells that go to prove that the rate of discharge of 
electrons is directly proportional to the light intensity for small 
ranges of the intensity. The walls of the cells were of glass, so 

1 Plotnikow, Photochemische Versuchstechnik, Leipzig, 1912. 
? Varley, Proc. Camb. Phil. Soc., 12, pp. 510-516, 1904. 


3 Elster and Geitel, Wied. Ann. d. Phystk, 48, pp. 338-373, 1893. 
4 Elster and Geitel, Ann. d. Physik, 48, p. 625, 1893. 
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that very little ultra-violet light penetrated to the potassium 
surface. The source of light was a petroleum lamp or an Auer 
gas burner. 

The relation between the photo-electric current (E) and the 
intensity of the light (1) was investigated by Lenard,! who 
assumed that the intensity varied inversely as the square of the 
distance between the source and the detector. From his results 
he inferred that E/I may be regarded as constant. 

Indirect support was given to Lenard’s conclusion by ex- 
periments carried out by Ladenburg? in which the angle of 
incidence of the light was varied by rotating a steel mirror 
upon which the light fell. If the value of the photo-electric 
current is divided by the cosine of the angle of incidence, the 
result is constant within the limits of experimental error. 
These experiments were carried out in a vacuum. 

I. O. Griffith ® varied the intensity of the light falling on a 
zinc plate in the ratio 1:126, and found that the ratio of the 
photo-electric current to the light intensity did not remain 
constant. These experiments, however, were not made in a 
high vacuum, but at a pressure of several millimetres of mercury. 

The dependence of the photo-electric current on light intensity 
has been investigated by F. K. Richtmyer.* He measured the 
current from the surface of sodium contained in a glass cell. 
The cell was placed in. a wooden:box blackened on the inside, 
and the light from a 16 c.p. incandescent lamp fell upon it after 
passing one or more sheets of writing-paper. The intensity of 
the light incident on the cell was altered by varying the distance 
of the lamp and the number of layers of paper. A small current 
was observed even when the cell was in the dark. This was 
attributed to the fact that the sodium surface was highly electro- 
positive with regard to the second electrode, which was a 
platinum wire, and so produced a current over the slightly con- 
ducting surface of the glass walls of the cell. By charging the 
platinum wire connected to the sodium to a negative potential 
of about 3 volts (the contact potential difference between sodium 

1 Lenard, Ann. d. Phystk, 8, p. 154, 1902. 
2 Ladenburg, ibid., 12, pp. 573-574; 1903. 


3 Griffith, Phil. Mag. (6), 14, pp. 297-306, 1907. 
4Richtmyer, Phys. Rev., 29, pp. 71-80, 404-408, 1909. 
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and platinum) this effect could be eliminated, and the current 
obtained was due to the light alone. 

The results of the first experiments are given in the table. 
They show that the photo-electric current from a sodium surface 
at zero potential is proportional to the light intensity for ranges 
of intensities from (approximately) 0°007 to 0°5 foot-candle. 


Two Thicknesses of Paper. 


Lamp to | Relative Light Deflection per E 
Window, | Intensity = I. Second = E, rs 
toroo ft. *OI00 0°318 mm. 31°38 
6°50 "0230 0°646 27°4 
5°00 "0400 1°033 25°3 
4°00 0625 1'573 25°2 
3°50 ‘0816 2°055 25°2 
3°00 SEG 2°682 24°2 
273 “131 3°20 24°4 
2°50 *r60 3°93 24°60 
2°25 ‘197 4°80 24°4 
One paper removed, increasing illumination 4°75 times. 
Lamp to Relative Light Deflection per E 
Window. Intensity = I. Second = E. mics 
4°00 ‘297 751 25°3 
3°50 387 9°79 25°3 
2°50 *760 18°53 24°4 


In a second investigation the observations are extended over 
a much larger range of light intensities. The current from the 
cell with a 12-volt battery was measured with a _ sensitive 
d’Arsonval galvanometer. The effects due to contact E.M.F. 
were far too small to interfere with these experiments. The 
source of light was an arc between solid carbons. For ten or 
fifteen seconds after starting, the arc was found to be fairly 
steady, especially when the arc length was increased just beyond 
the hissing point. The intensity was varied by altering the 
distance of the arc from the cell. Up to the highest intensities 
employed (about 600 foot-candles) the photo-electric current was 
found to be directly proportional to the intensity of illumination. 
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Distance of Arc Illumination in Photo-electric Current, E 
from Cell. Foot-candles = I. Amp. x 10-9=E. nae 
ro'oo ft. 19 5°9 *310 

8°00 30 87 *290 
6°50 45 12°5 278 
5°50 63 16°4 *260 
4°75 84 22°60 “269 
4°00 118 31°4 -266 
3°50 155 38°83 *250 
3°00 210 52°6 *250 
2°50 304 79°5 "258 
2°25 375 97°5 259 
2°00 475 123°0 “260 
1°75 620 160°0 *262 


From these results we should conclude that the law of 
proportionality holds over an extremely wide range of light 
intensities, though some experiments by H. Dember?! indicate a 
diminution in the photo-electric current in comparison with the 
light intensity, for large values of the latter. These experiments 
were carried out with two mercury vapour lamps and an arc 
lamp; the photo-electric current obtained when the cell was 
illuminated by two lamps simultaneously was smaller than the 
sum of the currents obtained with the same lamps used separately. 
The cells used were not exhausted to the highest attainable 
vacuum, though in one set of experiments with a potassium cell 
the pressure of the hydrogen was only 0:05 mm. of mercury. 

The variation of current with ‘intensity of illumination has 
been considered in the course of a research by J. G. Kemp? on 
the sensibility of photo-electric cells with alkali metals in an 
atmosphere of hydrogen. Using a potassium cell in which the 
surfacc had been coloured bluish-violet through the formation of 
a so-called hydride, Kemp found that the current was directly 
proportional to the intensity of illumination up to 1 foot-candle. 
The largest error observed amounted to about 7 per cent. ; this 
error was probably due to want of steadiness in the current under 
- the high voltages applied. 

Since the publication of the first edition of this monograph 
many researches have been undertaken to test the validity of 
Lenard’s law. Some of these are described in Chapter XVII. 


1Dember, Ber. Math.-Phys. Klasse Gesell. Wiss. Leipzig, 64, pp. 266-269, rgr2. 
2J. G. Kemp, Phys. Rev. (2), 1, p. 285, 1913. 
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Though in some cases a departure from proportionality has been 
found, the evidence for the truth of the law is considerable 
provided experiments are carried out under suitable conditions. 
The exceptions observed are largely due to neglect of surface 
charges and to the effect of the “space charge” in the photo- 
electric cell. 


THE VELOCITY OF THE ELECTRONS. 


The velocity of emission of the electrons is independent of 
the intensity of the acting light. This was first shown by Lenard ! 
from observations of the positive potential required to prevent the 
emission of electrons from the illuminated plate, or that required 
to prevent their reaching the receiving plate. A variation in the 
intensity of the light from a carbon arc in the ratio 70 to I 
produced a variation of less than 1 per cent. in the value of the 
positive potential. Similar results were obtained with a zinc arc 
and with a spark as the source of light, though variations in the 
character of the source did produce variations in the initial velocity. 
Experiments were made with an aluminium plate and with a plate 
coated with lampblack. 

Millikan and Winchester” confirmed Lenard’s conclusion for 
the eleven metals they experimented upon in a high vacuum. 
The light intensity was varied both by changing the distance of 
the source and by altering the capacity in parallel with the spark, 
so as to make a spark of greater or less brilliancy. The final 
potential assumed remained the same, though the time required 
in assuming it varied as much as five or sixfold. 

Similar results were obtained by Ladenburg® in the course of 
an investigation on the initial velocities of the electrons from 
platinum, copper, and zine with monochromatic ultra-violet light. 
The intensity of the light was changed by altering the width of 
the slit of the spectrometer. A mercury vapour lamp of quartz 
was used as the source of light. The result has also been verified 
by Mohlin.‘ 

Experiments of Elster and Geitel® with a surface of sodium- 

1 Lenard, Ann. d. Physik, 8, pp. 149-198, 1902. 
2 Millikan and Winchester, Phil. Mag. (6), 14, p. 201, 1907. 
3Ladenburg, Deutsch. Phys. Gesell, Verh., 9, p. 508, 1907. 


4 Mohlin, Akad. Abhanadl., Upsala, 1907. 
5 Elster and Geitel, Phys. Zeitschr., 10, pp. 457-465, 1900. 
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potassium alloy showed that the positive potential acquired by 
the illuminated surface remained unchanged when the intensity 
of the light was diminished by closing an iris diaphragm, although 
the time required to reach a maximum value increased. To 
obtain reliable results in such experiments great precautions must 
be taken to secure good insulation, as otherwise the potential 
reached depends not only on the velocity but also on the number 
of the electrons emitted. 

The velocities of the electrons emitted from an equimolecular 
liquid alloy of sodium and potassium have been studied by Kunz.! 
He found that the potential difference between the electrodes was 
independent of the intensity of the light and equivalent to 
1‘12 volts. Later experiments by the same author? indicate a 
maximum value of the positive potential in the red end of the 
spectrum. The sodium-potassium alloy shows a maximum at 
wave-length 618 yy. In this region of the spectrum the positive 
potential depends on the intensity of the light, while towards the 
violet end of the spectrum the positive potential is not much 
affected by the intensity. 

In J. R. Wright’s* experiments with an aluminium plate in a 
high vacuum it is shown incidentally that the positive potential 
is quite independent of the intensity of the light. Very powerful 
sparks between electrodes of zinc, cadmium, and iron served as the 
source of light. When an electric spark is used as the source of 
light in such experiments special precautions must be taken to 
avoid disturbances due to electro-magnetic waves, which may 
accelerate the electrons and produce extraordinarily large initial 
velocities. While the relative intensities of the light for wave- 
length A 2166 were approximately as 10:12: 100, the widest 
variation of the positive potentials from the mean is less than 0°5 
per cent. 

In view of these results the conclusion that the maximum 
velocity of emission is independent of the intensity of the light 
may be regarded as well established. This conclusion is 


1]. Kunz, Phys. Rev., 29, pp. 212-228, 1909. 
2 Tbid., 33, pp. 208-214, IgII. 

3 J. R. Wright, zbid., pp. 43-52, IQII. 

4See References on pages 121 and 146, 
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supported by indirect evidence derived from several later investi- 
gations of great accuracy. 


REFERENCES, 
Sources oF LIGHT. 


J. Plotnikow discussed sources of light suitable for photo-chemical experiments 
in his book Photo-chemische Versuchstechnik (Leipzig, 1912). He has also reviewed 
the contemporary position as regards experimental technique in photo-chemistry. 
Zeits. Techn. Physik, 5, pp. 113-125, 1924. 

Sheppard’s Photo-chemistry (Longmans, 1914) gives useful information. 

Sources of ultra-violet light are described and compared by Luckiesh in Ultra- 
violet Radiation (Crosby Lockwood, 1923). 

Lyman’s Spectroscopy of the Extreme Ultraviolet (Longmans, 1914) contains im- 
portant data especially as to emission spectra. 

Light filters are discussed by Hughes in his Photo-electricity (1914), and in his 
Report on Photo-electricity (1921). 

E. C. C. Baly’s Spectroscopy (3rd edition, 1924, Longmans) is invaluable in 
connection with the practical details of spectroscopic work. 


CHAPTER X. 


THE INFLUENCE OF THE POLARISATION AND 
FREQUENCY OF THE LIGHT. 


WITH a view to the right understanding of photo-electric action, 
it is of great importance to know how the phenomena are affected 
by alterations in the quality of the exciting light. We may alter 
the quality of the light by changing its state of polarisation and 
also by varying the wave-length. It will be convenient to con- 
sider the effects produced by both these variations in a single 
chapter, since they are found to be, to a certain extent, inter- 
dependent. The important work of Pohl and Pringsheim led 
them to the conclusion that, at least in the case of the alkali 
metals, we must distinguish between two separate actions, 
by which electrons can be released, the “normal” and the 
‘““selective”’ photo-electric effect. This distinction has been 
rendered possible only by examining the results of varying both 
the plane of polarisation and the wave-length of the incident light. 
It will, however, be convenient to describe first of all some of the 
earlier results in which plane-polarised light was employed, without 
special attention being directed to the wave-length. 


INFLUENCE OF THE PLANE OF POLARISATION OF THE LIGHT. 


In his original paper describing the effect of ultra-violet light 
on the length of the spark discharge, after showing that the action 
can be refracted according to the laws of light, Hertz says: “I 
have not been able to decide whether any double refraction of the 
action takes place.” Ina supplementary note (1891) he remarks : 
‘«‘ Somewhat later I succeeded in this. I had hoped to observe an 
influence of the state of polarisation of the light upon the action, 
but was not able to detect anything of the kind.” 
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Elster and Geitel! were the first to show an effect due to the 
polarisation of the incident light. The sensitive substance was 
the liquid alloy of sodium and potassium which responds to light 
from the visible spectrum. The photo-electric cell was included 
in a circuit containing a galvanometer and a pile of 250 volts. 
Polarised white light was incident at an angle of 45°. They 
found that the photo-electric current was a maximum when the 
plane of polarisation was perpendicular to the plane of incidence, 
and a minimum when these planes were parallel. In other words, 
the maximum value of the photo-electric current corresponds to 
the case in which the electric vector in the wave front has a 
component at right angles to the surface of the metal. The ratio 
of the maximum to the minimum was about Io to 1. The 
intensity of the photo-electric current could be expressed by the 
equation I = A cos’a + B sin® a, where a is the angle between the 
planes of incidence and polarisation and A and B are constants. 

The following table shows how the photo-electric current 
depends on the angle of incidence. 


Photo-electric Current from Sodium-potasstum Alloy exposed to 
Plane Polarised White Light. 


4 Light Polarised at Right Angles to Light Polarised in the 
Angle of Incidence. the Plane of Incidence. Plane of Incidence, 
0° 28 ses 
° 
536 2°8 
Bs 
52 2°78 
mee 112 2°87 
305 17°4 2°65 
ACs 23°4 2°24 
50 27°0 1°80 
60° 28°7 I'51 
70° 23°8 IOI 
80° Tees 0°33 


When the angle of incidence is zero, the two currents are 
necesarily the same, but for all other angles the effect due to 
light polarised at right angles to the plane of incidence is greater 
than that due to light polarised in the plane of incidence. In 
the former case the effect reaches a maximum for an angle of 
about 60°. 


1Elster and Geitel, Wied. Ann. d. Physik, 52, p. 540, 18943 55, p. 684, 1895 ; 
61, p. 445, 1897. 
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Amalgams of the metals rubidium, cesium, potassium, and 
sodium show similar behaviour. 

These experiments were carried out, not in the highest vacuum, 
but at the “critical” pressure (about one-third of a millimetre) 
corresponding to maximum photo-electric current. 

The result of the observations may be summarised by saying 
that the photo-electric current is approximately proportional to 
the amount of light absorbed by the illuminated surface, but the 
factor of proportionality is greater for light polarised at right 
angles to the plane of incidence than for light polarised in the 
plane of incidence. In the case of the Na-K alloy the two factors 
are in the ratio 30 to I. 

In a later investigation, Elster and Geitel’ have further 
studied the influence of the state of polarisation of the exciting 
light, with special reference to the dependence of the number and 
the velocity of the emitted electrons on the position of the plane 
of polarisation with regard to the plane of incidence. An 
extremely high vacuum was obtained by absorbing the residual 
gases in the cell by glowing calcium, according to the method 
worked out by F. Soddy. They arrived at the following con- 
clusions in the case of the liquid alloy of sodium and potassium : 

1. Light polarised perpendicularly to the plane of incidence 
causes the emission of more (up to 50 times as many) negative 
electrons than light polarised parallel to that plane. 

2. The maximum velocities of the electrons are about the 
same for both positions of the plane of polarisation. 

3. The number of electrons with a velocity less than the 
maximum is (with reference to equal total numbers) greater if 
the plane of polarisation is perpendicular to the plane of incidence 
than if it is parallel to that plane. 

In interpreting these results we must remember that, when 
the light is polarised perpendicularly to the plane of incidence, 
the electric vector in the light wave is vibrating parallel to the 
plane of incidence. It appears, then, that when the electric 
vector has a component perpendicular to the surface of the alkali 
metal it is able to release more electrons than when it is parallel 
to the surface. 


1 Elster and Geitel, Phys. Zeitschr., 10, pp. 457-465, 1909. 
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Lenard,! and subsequently Ladenburg,’ found that when the 
test was carried out with ultra-violet light on metals in a good 
vacuum the position of the plane of polarisation is without 
influence. This may be explained according to Ladenburg, by 
supposing that the ultra-violet light penetrates some considerable 
distance into the metal. Thus in the case of nickel he estimated 
that the light penetrated to a depth of 8 wave-lengths. Very 
much smaller estimates (about 50 up) of the depth of penetration 
of ultra-violet light in platinum have been made by Robinson,? 
and by Partzsch and Hallwachs.* 

The variation of photo-electric current with the thickness of 
the metal has been examined by Stuhlmann,°® who experimented 
on films of platinum and silver deposited on quartz. As the 
thickness of the film increased up to about 30 wy, so did the 
photo-electric current. With further increase in thickness the 
current fell to less than half its maximum value, and subsequently 
rose again very rapidly. This investigator concluded that the 
photo-electric current is not, in general, proportional to the 
amount of light absorbed and that photo-electric emission is not 
caused directly by the absorption of energy, the light acting only 
as an agent in setting electrons free. 

Dependence of the photo-electric effect on the polarisation 
of the light in the case of solid metals has been shown to 
exist by R. Pohl.© With mirrors of platinum and copper the 
number of electrons emitted depends on the azimuth and the 
angle of incidence of the polarised ultra-violet light. The same 
is true for fluid mercury. This can be explained by a pro- 
portionality between the number of electrons emitted and the 
quantity of light absorbed in each case. The proportionality 
factor is the same whether the light is polarised parallel or at 
right angles to the plane of incidence. This is in marked con- 


1Lenard, Ann. d. Physik, 8, p. 150, 1902. 

? Ladenburg, ibid., 12, p. 574, 1903. 

° Robinson, Phil. Mag., 25, p. 131, 1913. 

4Partzsch and Hallwachs, Ber. Math.-Phys. Klasse Konig. Sachsischen Gesell. 
Wiss., 64, pp. 164, 165, Igr2. 

>StuhImann, Phys. Rev., 20, pp. 65-74, 1922. 

® Pohl, Phys. Zeitschr., 10, pp. 542-543, 1909; Deutsch. Phys. Gesell. Verh., 11, 
PP 339-359, 609-616, 1909. 


INFLUENCE OF POLARISATION AND FREQUENCY 135 


trast to the behaviour of the alkalies, where an extraordinary 
increase in the current (as much as fiftyfold) is found when the 
electric vector has a component perpendicular to the surface. 
When ultra-violet light is used the alkalies behave like other 
metals, in that the proportionality factor is then the same for 
both states of polarisation of the light. We shall return to this 
question in discussing the influence of wave-length. 

The influence of the plane of polarisation of the incident light 
on the positive potential acquired by a metal has been examined 
by Kunz’ in the case of the liquid alloy of sodium and potas- 
sium. When the light was polarised at right angles to the plane 
of incidence, the positive potential was 1°10 volts. As the polar- 
ising Nicol prism was rotated the positive potential diminished, 
and when it was turned through a right angle the positive potential 
was only 0°723 volt. Thus the positive potential decreased 
34°3 per cent. in going from one position to the other, This 
result is at variance with that obtained by Elster and Geitel for 
the same alloy, and with that obtained by Pohl? fora solid metal 
surface, for these experimenters found the maximum velocity of 
emission of electrons to be independent of the position of the 
plane of polarisation. 


INFLUENCE OF WAVE-LENGTH ON PHOTO-ELECTRIC 
PHENOMENA. 


We now consider the influence of the wave-length or fre- 
quency of the light. We must inquire how the number of 
electrons emitted in unit time—that is, the photo-electric current 
—depends on the wave-length, and secondly how the velocity of 
emission varies with the wave-length. We have seen that the 
increase in the length of the spark discharge caused by illumina- 
ting the spark-gap was traced by Hertz to light beyond the 
violet of the visible spectrum. Ultra-violet light is also most 
active in bringing about the discharge of negative electricity 
observed by Hallwachs. Elster and Geitel*® have shown that 
ordinary daylight is capable of producing this effect in the case 


1]. Kunz, Phys. Rev., 29, pp. 174-176, 1909. 
2 Pohl, Verh, Deutsch. Phys. Gesell., 11, pp. 339-359, 1909. 
5 Elster and Geitel, Ann. d. Physik, 52, p. 438, 1894. 
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of the more electro-positive metals. Using a petroleum lamp as 
a source of white light, and employing various coloured filters, 
they obtained the results given in the following table :— 


Rate of Leak of Negative Electricity. 
Colour of Light. 

Na. K. Rb. 
White. ‘ ; : 210 53°t 5370 
Blue) 6 , 7°38 30°3 86°38 
White. : : : 22°6 52°9 527°7 
Yellow : : 3 8-2 S05 339°7 
White. é - “ 21°9 53°9 552°3 
Orange : . : Bal 2°2 182°0 
White. ee 0 5 | 21°9 52°9 527°7 
IRGat “ : : 0°2 Orr 21°0 


Rubidium, the most electro-positive metal, is far more active 
than sodium or potassium with white light, and potassium is 
more active than sodium. In the case of sodium and rubidium 
the maximum effect would appear to be produced by yellow 
light, while with potassium blue light is more effective. Rubi- 
dium is active even under the influence of the long waves at the 
red end of the spectrum, indeed a red-hot glass rod is said to 
be sufficient to discharge negative electricity from this metal. 
These effects are attributed to the strong absorption of light 
of particular wave-lengths by the substances under consideration. 

J. J. Thomson! found that a positively charged metal plate 
placed opposite to a surface of sodium-potassium alloy or of 
rubidium lost its charge even in the dark. Thomson himself at 
first attributed this to a radio-active process, but, according to 
E. Miiller,? it is to be explained by the action of infra-red radia- 
tion, which produces no effect on the eye, though it is able to 
produce photo-electric emission from the alkali metal. 

Hallwachs? proved that the violet and ultra-violet radiations 
were most effective in bringing about a discharge from metal 
plates. For plates of copper oxide the effect was greatest for 
the light from the arc de¢ween the carbons. 

E. Branly* showed that freshly-polished metals, notably 


1J. J. Thomson, Phil. Mag., 10, p. 584, 1905. 

2E. Miller, Deutsch, Phys. Gesell. Verh., 11, p. 72, 1909. 
® Hallwachs, Ann, d. Physik, 33, pp. 301-312, 1888. 

4E. Branly, ¥ournal de Physique, 3 (11); p. 300, 1893. 
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aluminium, are particularly sensitive; daylight produces the dis- 
charge; the action still takes place when the light has passed 
through yellow glass, but red glass stops it entirely. 

Elster and Geitel' observed photo-electric action in sunlight 
in the case of the metals aluminium, magnesium, and zinc, but 
the active rays were almost completely absorbed by transmission 
through glass. Fluor spar was also active in sunlight, and in this 
case ultra-violet light was zo¢ the most efficient. 

Buisson ? found sunlight a convenient source of light in his 
experiments with amalgamated and polished zinc and aluminium. 

W. Rudolph? states that aluminium certainly, and in all 
probability a number of other metals, show the Hertz-Hallwachs 
effect with visible light. 

The results so far described are qualitative rather than 
quantitative, for until we know the amount of energy associated 
with the different parts of the spectrum of the light employed, 
we cannot strictly compare the effects of light of different re- 
frangibilities, 

Quantitative experiments have been made by E. Ladenburg.* 
A mercury vapour lamp was used as a source of light. The 
spectrum of the light was given by a spectrometer with quartz- 
fluorite lenses and a fluorite prism. The energy in different 
parts of the spectrum was measured by a thermopile. The 
photo-electric current for the metals Cu, Pt, Zn was measured 
with a galvanometer, and was found to be a maximum for 
wave-lengths 212-218 yp. For equal light intensities the photo- 
electric effect increased continuously as the wave-length dimin- 
ished. In the accompanying diagram (Fig. 31) the ordinates of 
the curve marked E, represent the saturation current from the 
illuminated platinum plate, the ordinates of the curve E, re- 
present the energy of the zzczdent light,’ while the ordinates of 
the third curve give the ratio (E,/E,) of these two quantities ; 


1Elster and Geitel, Nature, 50, p. 451, 1894. 

2 Buisson, Annal. Chim. Phys., 24, pp. 320-398, Igor. 

3W. Rudolph, Ann. d. Phystk, 29, pp. III-124, 1909. 

4E, Ladenburg, Phys. Zeitschr., 8, pp. 590-594, 1907; Deutsch. Phys. Gesell. 
Verh., 9, PP- 504-514, 1907. 

5 Information is to be desired as to the energy absorbed by the metal surface, 
and as to the fraction of the absorbed energy that is directly related to the photo- 
electric effect. See R. Ladenburg, ¥ahvbuch der Radioaktivitat, 6, p. 446, 1909. 
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the abscissa represents the wave-length. The final curves, giv- 
ing this ratio for copper and zinc, were very similar to that 
here shown for platinum. Results of the same kind have been 
obtained by Mohlin." 

The ratio of the photo-electric activity to the energy of the 
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incident light (E,/E,) has been termed the specific photo-electric 
activity. 

Since all bodies which have been tested in ultra-violet light 
show increasing activity as the wave length diminishes, it is of 
interest to know whether the alkali metals behave in similar 


1 Mohlin, Akad. Abhandl., Upsala, 1907. 


INFLUENCE OF POLARISATION AND FREQUENCY 139 


fashion. The experiments of Elster and Geitel would seem to 
indicate that these metals show a maximum specific photo- 
electric activity for rays of the visible spectrum. J. Braun! 
found a maximum in the case of potassium at 440 wu. In these 
experiments the metal was contained in cells of glass, so that 
only rays that have escaped absorption by glass can take effect. 
An investigation to determine the photo-electric activity of 
potassium as a function of the wave-length has been carried out 
by W. Hallwachs.2_ The potassium was illuminated through a 
quartz window by light from a mercury vapour lamp or from 
an arc. By means of a quartz-fluorite achromatic lens and a 
quartz prism, a real spectrum was produced on a fluorescent 
screen, and selected lines were then allowed to enter the cell. 
The energy measurements were carried out by a thermo-electric 
method. 

The results of the measurements are given in the following 
table, being referred to the line 436 wp as a standard :— 


Wave-length . ; 578 546 436 406 eo || Srey | By 
Photo-electric activity | 0°032 | 0°083 | I’oo | 0°79 | 2°18 | 3°01 | 1°98 | 3°90 


Energy . ‘ : I'r6 1°69 £700") 0:07, I°Ig | 0°90 | 0°38 | 0°55 


Specific photo-electric 
activity . 5 ‘ 0°027 | O°049 | 1°00 r'18 They |) Beare age 


| 


According to these results potassium falls into line with the 
other metals, the specific photo-electric activity increasing as 
the wave-length gets less. There is no evidence of a maximum 
in the visible spectrum. 

The disagreement between the results of Elster and Geitel 
and J. Braun on the one hand, and those of Hallwachs on the 
other, has received an explanation through the work of Pohl and 
Piingsheim.* These authors show that the photo-electric activity 
depends on the angle at which the light is incident on the surface, 
and on the orientation of the plane of polarisation. When the 


1J. Braun, Diss. Bonn., 1906. 

* Hallwachs, Ann. dey Physik, 4, 30, pp. 593-597, 1909. 

3 Pohl and Pringsheim, Deutsch. Phys. Gesell. Verh., 12, pp. 215-228, 349-360, 
IQIO. 
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light falls normally on the surface as in the experiments of Hall- 
wachs, the electric vector is parallel to the surface, and the 
photo-electric activity of a K-Na alloy increases continuously as 
the wave-length decreases. But when the light is incident at an 
angle with the normal, the electric vector which is parallel to the 
plane of incidence produces a maximum effect for a particular 
wave-length (A = 400 yp). The proportionality factor between 
light absorption and photo-current is only independent of the 
angle of incidence @ for an electric vector (E 1) vibrating at 
right angles to the plane of incidence, while for an electric vector 
(E |!) parallel to the plane 
of incidence it varies very 
much with ¢. Further, the 
factor varies greatly with 
the wave-length. 

The way in which the 
specific photo-electric acti- 
vity varies with the wave- 
length when the angle of 
incidence is 60° is shown in 
the diagram (Fig. 32). 

The electric vector vi- 
brating parallel to the plane 
of incidence produces a 
maximum effect for a wave- 


Photo -electric current 
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electric vector which is parallel to the metal surface produces 
a smaller effect, which increases as the wave-length diminishes, 
The maximum in the first curve is taken to indicate a reson- 
ance phenomenon. 

It follows from these experiments that for Na, K, Rb, and 
Na-K there is a certain region of wave-lengths for which there is 
a very great difference between the current produced by E 
perpendicular and E parallel to the plane of incidence. The 
wave-length corresponding to the maximum difference may be 
called the critical wave-length; it is the wave-length that makes 
the photo-electric activity due to the electric vector parallel to 
the plane of incidence a maximum. The maximum is approxi- 
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mately at X = 480 wy for rubidium, 435 uy for potassium, 340 py 
for sodium, and 280 pw for lithium. For a potassium-sodium 
alloy containing 69°4 per cent. potassium, the maximum is at 
about 390 wu. In the case of the amalgams of potassium and 
sodium no critical wave-length was found. 

Pohl and Pringsheim distinguish between two actions which 
they describe as the “selective” and the ‘‘normal,” photo-effect. 
It is the former effect which gives rise to the maximum in the 
curve for the specific photo-electric activity, when the electric 
vector is parallel to the plane of incidence. 

When the selective effect was first discovered, it was supposed 
that the normal effect would give increasing activity with 
diminishing wave-length for all directions of the electric vector. 
This is indicated by the dotted line in the diagram. 

Instances are, however, now known in which the curve show- 
ing the relation between photo-electric current and wave length 
shows a distinct maximum without any reference to the state of 
polarisation of the light. Pohl and Pringsheim * obtained bright 
surfaces of barium by splitting the metal with a hammer in a 
vacuum, and found a maximum at 7X = 280 pu. For calcium a 
maximum was found in the neighbourhood of 350 pp, but a 
direct test with polarised light showed that Ca does not possess a 
selective effect. The smaller the angle of incidence of the light 
the more pronounced is the maximum. Exactly the opposite is 
found in the case of Na-K alloy, which possesses a true selective 
effect. 

Experiments by Compton and Richardson®* have carried the 
investigation of the effect of the wave-length on the number of 
electrons emitted further into the ultra-violet than ever before 
(to 200 wu). The curves for sodium show ¢wo maxima instead 
of only one maximum, and the conclusion is drawn that the 
normal photo-electric effect reaches a maximum similar to that 
reached by the selective effect, but farther out in the ultra-violet. 
The photo-electric sensitiveness is supposed by these authors to 
be the same function of the frequency for all metals, but for 


1 Pohl and Pringsheim, Deutsch. Phys. Gesell. Verh., 13, pp. 474-481, IQII; 14, 


Pp. 546-554, 1912; 15, pp. I11-122, 1913. 
2 Compton and Richardson, Phil. Mag., 26, pp. 549-567, 1913. 
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the electro-negative metals the curve is shifted bodily towards 
the region of short wave-lengths. 

Millikan and Souder’ have come to the conclusion that it 
is very difficult if not impossible to draw a distinction between 
the normal and selective photo-electric effects in potassium or 
lithium. They regard the selective effect as nothing but the 
normal effect taking place in the neighbourhood of an absorption 
band, where a particular frequency predominates. Farwig,’ 
however, after confirming the original observations of Pohl and 
Pringsheim concludes that their account of the superposition of 
the two effects is correct. 

Hughes ® regards the “selective” effect as “ one of the most 
puzzling phenomena ” in the domain of photo-electricity. ‘‘ The 
maximum velocities of the electrons in the region where the 
selective effect is most marked fall in with Einstein’s quantum 
relation exactly as they do in regions where only the normal 
effect exists, a result verified by Millikan’s accurate experiments 
on Na and Li in the determination of %.” Hughes* found a 
small difference in the distribution of the electrons emitted in the 
selective effect as compared with that of those emitted in the 
normal effect : the electrons in the selective effect are emitted on 
the whole, in directions more nearly perpendicular to the surface 
than in the normal effect. 


THE VELOCITY OF THE ELECTRONS AND THE FREQUENCY 
OF VIBRATION OF THE LIGHT. 


When an insulated body is illuminated it acquires a positive 
potential which rises to a definite maximum value, dependent 
on the character of the light. As Lenard has pointed out, this 
positive potential, when due allowance is made for any contact 
difference of potential, may be regarded as a measure of the 
maximum velocity with which electrons are emitted under the 
influence of the light. Forif V denote this potential—that is, the 
potential which is just sufficient to prevent the discharge of 
electricity from the body—and e the charge of the electron, Ve 

1 Millikan and Souder, Nat. Acad. Sci. Proc., 2, pp. 19-24, 1916. 

* Farwig, Zeits. f. Physik, 21, pp. 38-45, 1924. 

® Hughes, Report on Photo-electricity, Chapter V. 

4 Hughes, Phil, Mag., 31, p. 100, 1916; Phys. Rev., 10, p. 490, 1917. 
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would represent the work that would have to be done to remove 
an electron, and we should have 

Ve = kmv’. 
Thus the positive potential V is directly proportional to the 
square of v, the maximum velocity with which an electron is 
projected. 

Lenard?! concluded from his experiments that, though the 
positive potential was independent of the intensity of the light, 
it did vary with the character of the source. With a zinc arc 
large initial velocities are represented in very much smaller 
proportion than with a carbon arc. The spark as a source comes 
between the two. This refers to a lampblack surface; for an 
aluminium plate the differences are not so great. 

Ladenburg,? experimenting with the three metals, copper, 
platinum, and zinc, found that the initial velocities of the electrons 
increased with decreasing wave-length. He concluded that the 
velocity was proportional to the frequency of the incident light. 
The results are summarised in the following table :— 


Frequency. Wave-length. Positive Potential in Volts. 

VEX On we Platinum. Copper. Zine. 
Tels 260 I'075 I‘OL 0°685 
1°24 242 1°28 r'r6 0°79 
1°30 229 1°49 - 1°33 0°95 
I°375 218 r'60 1°46 10 
1°43 210 1°76 1°55 I'O7 
I°49 201 1°86 1°69 1°12 


Ladenburg and Markau® obtained the velocity distribution 
curves from which the number of electrons with any assigned 
velocity could be determined. For a given region of the 
spectrum the velocities were found to be nearly in accordance 
with Maxwell’s law of distribution. For light of wave-length 
260 pp the limits of velocity are equivalent to 0°4 and I°g volts. 
The range of wave-lengths used was from 270 pp to 200 pp. 

Ladenburg’s results were examined by A. Joffé,* who pointed 

1Lenard, Ann. d. Physik, 8, pp. 149-198, 1902. 

2Ladenburg, Phys. Zeitschr., 8, pp. 590-594, 1907. 

3 Ladenburg and Markau, ibid., 9, p. 251, 1909; Deutsch. Phys. Gesell. Verh., 10, 


pp. 562-577, 1908. 
4 Joffé, Ann. d. Physik, 24, p. 939, 1907. 
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out that the conclusion drawn from them was a doubtful one. 
According to Ladenburg the initial velocity was proportional 
to the frequency (v = kv). Joffé showed that the results agreed 
at least equally well with the conclusion that the positive potential 
(or the square of the velocity) was proportional to the frequency, 
or more exactly V = A(v—v,). This is due to the fact that the 
experimental results refer to a very short range of wave-lengths, 
and it is difficult to decide whether they fall ona straight line 
or on a short piece of a parabola at some distance from the 
vertex. The two laws are best illustrated graphically. In the 
first diagram (Fig. 33) the square root of the positive potential 
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is plotted against the frequency, and it is seen that the points 
for a given metal lie on a straight line passing through the origin. 
In the second diagram (Fig. 34) the positive potential is plotted 
against the frequency, and the observed points for a given metal 
lie on a straight line which does not pass through the origin. 

A. W. Hull! has made measurements of the initial velocities 
of the electrons liberated from carbon by light of short wave- 
length (between 171 ww and 123 wm). Three regions were 
examined by means of absorption screens, and the assumption 
was made that the maximum velocities are due to the shortest 


1 Hull, Amer. Fourn. Sci., 28, pp. 251-259, 1909; Phys. Zeitschr., 10, pp. 537-542, 
1909. 
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wave-length transmitted. He finds that the maximum initial 
velocity is proportional to the frequency. If these results are 
examined in the same way as Ladenburg’s (Figs. 33 and 34), we 
find that they satisfy the second law equally well. 

To determine the true form of the law connecting velocity 
and frequency it is not sufficient merely to multiply experiments ; 
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Fic. 34. 
it is necessary to increase the accuracy of individual observations 
and to extend the range of frequencies over which they are 
obtained. On these grounds, as Compton? has pointed out, the 
results of J. Kunz? on the alloy of sodium and potassium, must be 
regarded as inconclusive. 
1K. T. Compton, Phys. Rev., 1, p. 382, 1913. 


2 J. Kunz, ibid., 29, pp. 212-228, 1909; 33, pp. 208-214, IgII. 
IO 
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Some very remarkable results have been obtained by Professor 
R. A. Millikan! and his fellow-workers in the University of 
Chicago by using a powerful spark as the source of light instead 
of a quartz mercury lamp. The positive potentials acquired by 
metals illuminated by such a source were greatly in excess of 
those obtained by other observers. Although experiments were 
carried out which seemed to show that the high potentials were 
due to the light itself and not to secondary effects, later ex- 
periments proved that the results were to be attributed to 
imperfect screening from electro-magnetic waves. 

It is open to question how far such an effect may have had an 
influence in some experiments of J. R. Wright,’ in which the 
pdsitive potential acquired by an aluminium plate was measured 
for definite wave-lengths in the region extending from » 2878 to 
» 2073. The results obtained are not in agreement with those 
of other observers in that they show an apparent maximum for 
the positive potential for a particular wave-length (A 2166). 

An important investigation of the emission velocities of photo- 
electrons has been carried out by A. Ll. Hughes.* The metal 
surfaces used were prepared by distillation zz vacuo, as it was 
thought that in this way consistent results could be obtained. 
It was anticipated that the surface so prepared would be free from 
surface films, which are almost certainly present when a metal 
plate is polished or when an electric discharge is passed, using 
the plate as an electrode. A Hilger quartz spectrograph was 
used asa monochromator. It was found that this did not isolate 
the wave-lengths perfectly, and special precautions had to be taken 
to cut off the scattered light of short wave-length when working 
with the longer wave-lengths. The mercury arc in quartz was 
used as the source of light. 

The apparatus is shown approximately to scale in the diagram 
(Fig. 35). The electrical capacity is made very small on account 
of the feebleness of the monochromatic light. The light falls on 
a disk, N, of nickel, 3 cm. in diameter. In the position shown 

TR, A. Millikan, Phys. Rev., 35, p. 74, 1912; Millikan and Wright, zbid., 34, 
p. 68, 1912; Millikan, zbid. (2), I, pp. 73-75, 1913; Pohl and Pringsheim, Deutsch. 
Phys. Gesell. Verh., 14, p. 974, 1912. 


2J. R. Wright, Phys. Rev., 33, pp. 43-52, 1911. 
3A, LI. Hughes, Phil. Trans. Roy. Soc., 212, pp. 205-226, 1912. 


INFLUENCE OF POLARISATION AND FREQUENCY 147 


the disk is put in contact with the tilted electroscope by means of 
the spring S’... The disk is suspended by a fine wire from the 


eae 


Fiag.. 35. 


quartz rod Q, which is attached to the slide S. This runs in 
grooves in the tube T. The system can be raised or lowered by 
a silk thread attached to the winch E, which is a glass tap with a 


10 * 
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groove cut round the barrel. In order to coat the plate N with 
metal it is lowered till it is near the little furnace F. This isa 
quartz ignition spoon into which fits a thin quartz cup containing 
the metal. Between the cup and the quartz spoon there is a thin 
sheet of Pt or Ni, which can be heated to redness by a current. 
The apparatus was exhausted by a Toepler pump to a pressure 
of ‘or mm., and finally by a tube containing charcoal cooled in 
liquid air. 

Experiments made with this apparatus, using surfaces of pure 
distilled metal, proved that the maximum energy of emission, and 
not the maximum velocity, can be expressed as a linear function 
of the frequency of the incident light. The conclusion is based 
mainly on experiments made with wave-lengths \ 2537, > 2257, 
and 1849. One set of results obtained from a surface of distilled 
cadmium may be quoted in illustration. 


Cadmium. 
Calculated Velocities, 
Wave Frequency Experimental 
Length A. v X 10-12, Velocities in Volts. 
V=kv—V,. /V=R'y-c. 

1849 1623 2°480 [27480] [27480] 
2257 2329 I°427 1°424 1°339 
2537 1182 0°897 [0°897] [0897] 
2967 IOIO 0'r48 0°286 0°495 
3126 960 Small O° IOL 07398 
3340 898 No effect (- 0°12) 0°293 


Viol = 135347) VOUS a= 5 001 TOmAt 


The velocity predicted by the energy law for X 2257 is in 
much better agreement with the experimental value than that 
predicted by Ladenburg’s law. The experimental values for 
d 2967 and X 3126 are lower than the theoretical values on account 
of the action of the earth’s magnetic field. Ladenburg’s law would 
indicate an emission of electrons down to » 4000. Actually the 
emission ceases between > 3126 and 2X 3340 in accord with the 
energy law. 

Similar results were obtained with other metals, showing 
clearly that it is the energy and not the velocity of the electrons 
that is a linear function of the frequency of the light. The 
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positive potential V, in volts, is connected with the frequency 
vy by the formula V = £y — V,. Thus the emission of photo- 
electrons should cease below a certain definite frequency, 


determined by V, = kv. 
The values of the constants found by Hughes for a number 
of metal surfaces formed by distillation are given in the table. 


This was borne out by experiment. 


Element. k. Vin Vo X 10-18 Ag in py 
: (Calculated). (Calculated), 
Volts. 
Ca 3°17 x 10745 2°57 Srer 370 
Mg 3°39 3°08 go'9 330 
oe 3°06 3°49 95°3 315 
Zn 3°79 BVA 99°5 302 
Pb 355 3°42 96°3 31r 
Bi. 3°63 3°37 92°8 323 
Sb 3°69 3°60 99°8 800 
As. 23°7 24°5 [22° 247 
Dey =4°8 
O,. ZeS7e30) 


Curves showing the distribution of velocities have been 
obtained by Richardson and Compton! for the metals platinum, 
copper, bismuth, tin, zinc, aluminium, and magnesium. The 
points of special interest in the experimental work are as follows: 
(1) the contact difference of potential between the emitting and 
receiving electrodes is allowed for; (2) an improved mono- 
chromatic ultra-violet illuminator by Adam Hilger Ltd. is made 
use of; (3) the peculiar form of the photo-electric cell practi- 
cally eliminates electron reflection without the use of a screen and 
an auxiliary field, and at the same time enables the distribution 
of total kinetic energy to be measured instead of simply the 
distribution of the velocity component normal to the emitting 
electrode. 

The electrode consists of a strip of metal foil about I mm. 
wide and 5 mm. long placed at the centre of a spherical glass 
bulb of 7°5 cm. diameter. This bulb is silvered on its inner 
surface, which acts as the receiving electrode. The image of the 
slit of the monochromator is focussed on the metal strip for the 
particular wave-length to be examined. The electric field is 


1 Richardson and Compton, Phil. Mag., 24, pp. 575-594, 1912. 
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approximately radial, and the area of the emitting electrode is 
very small compared with the area of the receiving electrode. 
The dotted lines in Fig. 36 show graphically the results for 
platinum, the photo-electric current reduced to a scale of 100 for 
the maximum being plotted against the P.D. The vertical line 
P indicates the amount of lateral shift that had to be given to 
the diagram to correct for the contact difference of potential 
between platinum and silver. The line A is the corresponding 


Messrs. Taylor & Francis, Publishers “ Philosophical Magazine.” 
Fic. 36. 


line for aluminium. The continuous curves represent the results 
obtained with aluminium for wave-lengths 200, 230, 254, 275, 
313 we. Curves of the same character were obtained with the 
metals zinc, bismuth, magnesium, tin, and copper. If we plot the 
slope of these curves against the potential difference, we obtain 
what may be called the differential curves. These are shown 
for platinum in the annexed figure (Fig. 37). We can then 
obtain the relative number of electrons which are emitted with 
any given energy. For wave-length 25 x 10~-° cm. the number 
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emitted with an energy corresponding to 0°2 volt is to the number 
corresponding to o'1 volt as the ordinate at 0'2 volt is to the 
ordinate at oI volt, or as go is to 65. 

A fresh surface of sodium was prepared by scraping the metal 
in vacuo with a razor-blade, but in consequence of rapid fatigue 


PS 
ZaahEs 


Yours 
Messrs. Taylor & Francis, Publishers Philosophical Magazine. 


Fig. 37. 
complete curves showing the distribution of kinetic energy could 
not be obtained ; the value of the maximum kinetic!energy corre- 
sponding to different frequencies was, however, determined. 
Richardson and Compton have drawn the following conclu- 
sions from a detailed study of these curves :— 
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1. The maximum energy, expressed in volts, is a linear 
function of the frequency of the exciting light. 

2. The curves appear to be almost symmetrical with respect 
to their maximum ordinates. This shows that, if the maximum 
energy is a linear function of the frequency, the average energy, 
which is equal within the limits of experimental error to the 
most probable energy, also bears a linear relation to the 
frequency. 

3. The curves intersect the voltage axis at finite angles both 
at the end which corresponds to zero energy and at the end 
which corresponds to the maximum energy. 

4. If the wave-length is increased to a certain value, the 
distribution of velocity curve will degenerate into a straight line 
coincident with the current axis. This is the longest wave-length 
that will produce any photo-electric effect from the metal under 
investigation, and the corresponding electrons are emitted with 
zero velocity. 

Reviewing the results obtained up to 1914 by various experi- 
menters as to the relation between the velocity of emission of the 
electrons and the frequency of the light, we conclude that the 
velocity increases with the frequency, and that the maximum 
kinetic energy (which is proportional to the positive potential) is 
a linear function of the frequency. With the notation already 
used, V being the positive potential zz volts, 


Me. = Wo) 
or, if T, is the maximum kinetic energy and &, is a new 
constant, 
Ve 
2 ‘ 


a relation which has been accurately verified by later experiments, 
notably those carried out by Millikan and his fellow-workers. 
These investigations and their important theoretical bearings will 
be discussed in the following chapter. We may anticipate the 
results and say that £, has been proved equal to Planck’s con- 
stant 4, thus verifying Einstein’s photo-electric equation. 


INFLUENCE OF POLARISATION AND FREQUENCY 153 


SUMMARY OF RESULTS AS TO THE INFLUENCE OF THE 
LIGHT ON PHOTO-ELECTRIC EMISSION. 
Intensity. 
For a given source 

(1) the number of electrons emitted per unit time is 
directly proportional to the intensity ; 

(2) the velocity of the electrons is independent of the 
intensity. 

Plane of Polarisation. 
In the case of the zormal effect 

(1) the number of electrons liberated is only affected 
by the orientation of the plane of polarisation in 
so far as the absorption of light depends upon it ; 

(2) the maximum velocity of emission is independent 
of the orientation of the plane of polarisation. 

In the case of the selective effect 

(1) the number of electrons liberated is much greater 
when the electric vector vibrates in the plane of 
incidence ; 

(2) the same result as for the normal effect. 

Frequency. 
For a given intensity in the case of the zormad effect 

(1) the number of electrons emitted per unit time in- 
creases with the frequency of the light, but probably 
reaches a maximum in the extreme ultra-violet ; 

(2) the velocity of the electrons increases with the 
frequency of the light, the kinetic energy being a 
linear function of the frequency in accordance with 
Einstein’s photo-electric equation. 

In the case of the selective effect the number of electrons 
emitted has a maximum value for a particular frequency. 


REFERENCES. 
On the ‘selective’? photo-electric effect see Pohl and Pringsheim, Die 
lichtelektrischen Erscheinungen (1914), chapters 4 and 5; Hughes, Refort on Photo- 
electricity (1921), chapter 5. 


CHAPTER XI. 


THEORIES OF PHOTO-ELECTRIC AC TION: 


IN the first edition of this book two important questions were 
considered in connection with the theory of photo-electric action. 
Assuming that the essential feature of such action is the libera- 
tion of electrons by light, we may ask: (1) How can we classify 
the electrons which are set free under the influence of light ? 
(2) How do these electrons obtain the energy required for their 
emission from the surface with the observed velocities? These 
questions, which are to some extent interdependent, could not be 
answered definitely at that time. Even with our greatly in- 
creased knowledge of atomic structure, and of the relation 
between matter and radiation, many difficulties remain before a 
satisfactory theory of photo-electric action can be regarded as 
established. As in so many instances the greatest advance 
consists in the fact that the problem of photo-electric emission 
has become but one part of the much wider question of the 
relations between radiant and atomic energy. This forms the 
subject of the modern theory of Quanta. “The merit of Planck’s 
theory is not so much that it removes our troubles altogether, 
but that it packs them altogether into one bag, so to speak, so 
that they become easier to handle.” ! 


CLASSIFICATION OF ELECTRONS, 


According to Rutherford the nucleus of an atom is itself com- 
plex, being built up of positive hydrogen nuclei (or “protons ”) 
bound together by the requisite number of negative electrons— 
the nuclear electrons. 

We may classify the other electrons associated with matter 
somewhat as follows :— 


1J. A. Crowther, Molecular Physics (Churchill, 1923). 
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1. The so-called “free’’ electrons, to which the electrical 
conductivity of a metal is due. According to one view these 
can wander freely between the atoms with velocities in agreement 
with the laws of the kinetic theory of gases. According to 
another they are handed on from one atom to another, in such a 
way that, in the presence of an electric field, a continuous trans- 
ference of electrons takes place through the material. In the 
light afforded by X-ray analysis as to the structure of crystals, it 
is probable that in a metal such as copper or lead, the positively 
charged metallic atoms form with the electrons a “ space lattice ”” 
of the type known to represent the structure possessed by a 
crystal such as rock salt (NaCl). This view has been developed 
by Borelius.* 

2. The “dispersional” or “emission” electrons, which give 
rise to the absorption of light by the substance and at higher 
temperatures give out radiation. These electrons are responsible 
for the phenomena of the Zeeman effect. 

3. The “valency” electrons (eight as a maximum), which 
correspond to the chemical ‘‘ bonds” or “valencies,’ and cause 
through their passage to another atom the electro-positive valency 
of the atom they have left. 

4. The “ photo-electric” electrons, which are separated from 
the atom under the influence of light. 

It is probable that some of these classes are really identical ; 
for instance, the dispersional electrons have been regarded as 
identical with the valency electrons. We have to consider 
whether we can identify the last class—the photo-electric 
electrons—with any one of the three preceding. In attempting 
such an identification we must bear in mind that the electrons 
concerned in the ‘‘ selective” photo-electric effect may not belong 
to the same class as those which give rise to the “normal ” effect. 

The work of Pohl and Pringsheim certainly suggests that the 
- electrons of the selective effect are connected with the chemical 
binding of the atom—that is, with the valency electrons. Ac- 
cording to the theory of Stark * also, the electrons of the photo- 
electric effect are the valency electrons. When a metal enters 


1 Borelius, Phil. Mag., 40, p. 746, 1920. 
2Stark, Phys. Zeitschr., 10, p. 787, 1909. 
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into combination more energy is required to separate the valency 
electron than before. This means that light of shorter wave- 
length is then needed to effect the separation. 

Lenard distinguishes between the photo-electric electrons 
and the emission electrons, and on this distinction bases his 
theory of phosphorescence. The excitation of a phosphorescent 
substance by light consists in the separation of the photo-electrons. 
These on their return to the atom set in vibration the emission 
electrons, so giving rise to the luminescence. 

Again, it might be suggested that the electrons concerned in 
the ‘‘ normal” photo-electric emission from a metal are identical 
with those of the first class. We might suppose that the velocity 
of certain of the electrons concerned in metallic conduction is so 
augmented by the electric vector in the light wave that they are 
able to leave the surface. Against this view we have the fact that 
the photo-electric current in a good vacuum is independent of the 
temperature. A further argument against it is afforded by the 
experimental result that the initial velocity is, over a very wide 
range, independent of the intensity of the light. This difficulty 
can, however, be overcome by adopting some form of the quantum 
theory. 

Poole! undertook experiments to obtain some evidence that 
in ferromagnetic substances the magnetic and _ photo-electric 
electrons are the same. Polvani® concluded that there was not 
evidence to support this identification. Both experimenters 
found that magnetisation has no effect on the total number of 
electrons emitted by the illuminated surface, at least when the 
direction of magnetisation is normal to the surface. 

Lewis and Langmuir have developed a very suggestive theory 
as to the geometrical arrangement of the electrons in atoms. 
Assuming with Rutherford that the positive charge of the atom 
is concentrated in an excessively small nucleus, it is supposed 
that the electrons are distributed through a series of concentric 
spherical shells; the effective radii of the different shells stand 
in the ratio 1: 2: 3:4 and the effective surfaces are in the ratio 
1: 27:37:47. In the inert gases the electrons are placed in the 


1 Poole, Phil. Mag., 42, pp. 339-351, 1921. 
* Polvani, N. Cimento, 24, pp. 65-93, 1922. 
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most ideal positions for the production of a balanced system. 
This accounts for the stability and inactivity of these elements. 
The key to all chemical combination is found in the striving of 
all elements to become as nearly as possible like the inert gases. 

In an electro-positive element there are one or more electrons 
in the outer shell of the atom, and these can be displaced with 
the expenditure of a small amount of energy. Ordinary light 
can bring about the separation of such an electron from the 
atom. 

In the Rutherford-Bohr theory of atomic structure the atom 
resembles a planetary system in which the planets are electrons, 
which circulate about the central positive charge or nucleus. 
The electrons may be divided into a number of groups which, 
in the earlier presentation of the theory, were regarded as shells 
enclosing one another. In his latest investigations Bohr regards 
a “shell” as a closely bound group of electrons although each 
individual electron can at times approach the nucleus, or recede 
to a distance from it. We may, however, distinguish between 
the “ peripheral” and “central” properties of the atom. Thus 
the X-ray spectrum has its origin in the innermost part of the 
atom, whilst optical spectra are produced at the periphery. The 
electrons which are liberated by ordinary light come from the 
periphery of the atom, and are those responsible for its chemical 
behaviour. 


ENERGY OF PHOTO-ELECTRONS.. 


The second question to be considered is that of determining 
the way in which electrons can acquire sufficient energy to 
escape from a metal surface under the influence of light. There 
appear to be three possible theories as to the method by which 
the energy of the electron can be sufficiently increased by the 
communication of energy from a train of light waves. 

Although the difficulties met with in the application of these 
theories have led to the adoption of some form of quantum theory, 
it will be well to consider them in detail. 

In the first place, we can imagine that atoms or complex 
atomic systems become unstable under the influence of light, and 
project electrons from themselves by a process which might be 
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described as an explosion. In this case the velocity of projection 
would be approximately that possessed by the electron within 
the atom. 

Secondly, we may suppose that, as the electric vector in a 
Roéntgen pulse can detach an electron from the atom, so the 
electric vector in a half wave-length of light can also, in favour- 
able circumstances, detach an electron whose energy would be 
derived directly from that of the light. 

Thirdly, we may suppose that the electrons, which must be 
regarded as having certain free periods of vibration, are set in 
resonant vibration by light-waves whose period agrees with their 
own, and so acquire sufficient kinetic energy to break away from 
the atom. 

1. The first view put forward is that the electron is expelled 
by a process that might be described as an explosion resulting 
from the instability of the atomic system or systems induced by 
light. This is obviously suggested by the theory of radio-activity, 
and is equivalent to saying that in the photo-electric effect we 
have a kind of induced radio-activity. In this case the energy 
of the escaping electrons would be derived from the internal 
energy of the atomic systems. 

The hypothesis cannot be seriously upheld at the present time. 
Radio-active processes, so far as our knowledge goes, are entirely 
independent of external conditions. Photo-electric activity is not 
an atomic property. The initial velocity of the photo-electric 
corpuscles varies in a continuous way with the frequency of the 
light ; this result would require special assumptions to explain 
it were the energy the result of an explosion of the atom. 

2. According to the second view the electron (whether 
‘‘bound” or ‘‘free”’) is liberated in consequence of the velocity 
imparted to it by the passage of a half-wave of light. The 
kinetic energy of the emitted electron is derived directly from the 
energy of the incident light. 

This view presents serious difficulties. In the first place the 
magnitude of the initial velocity (of the order 8 x 10’ cm. per 
sec. for aluminium, corresponding to a fall of the electron through 
a potential difference of 3 volts) is too large for it to come from 
a half-light-vibration of usual intensity, for, according to the 
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ordinary electro-magnetic theory, potential differences of 3 volts 
are not met with in such light. In the second place, the velocity 
of emission does not depend on the intensity of the light when 
using a given source. 

Experiment shows that photo-electric emission takes place 
practically instantaneously, so that the interval between the 
illumination of the plate and the liberation of the electron is too 
short for direct observation. If the kinetic energy of the electron 
were derived from energy in a spreading wave-front, calculation 
shows that an illumination of several minutes or even hours would 
be required at great distances from the source. 

3. The third view attributes the expulsion of electrons to 
resonance. The electrons are set in resonant vibration by the 
incident light, and acquire sufficient velocity to enable them to 
escape from the atom. 

Some of the difficulties met with in regard to the second view 
are encountered again here. Imagine an electron executing 
linear vibrations about a position of equilibrium, and suppose 
that when the amplitude of the vibration exceeds a certain definite 
limit the electron passes beyond the range of the attractive forces 
binding it to the atom. If light of the same period is incident 
upon it, so as to excite linear resonance vibrations, the amplitude 
of the vibrations will go on increasing. When the amplitude 
reaches the limit assigned above, the electron would be free from 
the atom, but its velocity would be zero. To enable it to leave 
the atom with finite velocity it must acquire an overplus of kinetic 
energy, and this overplus must have been acquired during the 
last half of the whole resonance vibration. Thus we see that the 
initial velocity with which the electron escapes from the atom is 
derived directly from the light, and as in the second view, from 
one half-vibration. We should then expect the initial velocity to 
increase with the intensity of the light. 

To avoid the difficulties met with here, Lenard assumes the 
existence of complicated conditions of motion of the electron 
within the body, and that the initial velocity is not derived from 
the light energy, but from the energy of those movements already 
existing before illumination takes place. In this case the reson- 
ance vibrations only play a liberating rdle. 
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Thus imagine an electron describing a circular orbit in the 
interior of an atom. If light falls upon it with an electric vector 
parallel to the line AB, the orbit will be disturbed, and we can 
suppose that the amplitude of the resonance vibrations parallel 
to AB increases till the electron reaches a point such as A (the 
extremity of the major axis of an elliptic orbit), where it is outside 
the range of attraction of the atom. The electron would then 
travel off at a tangent with a velocity equal to that with which 
it was moving in its orbit. The initial velocity would thus be 
independent of the intensity of the active light. On the other 
hand, we can see that there would be a relation between the 
initial velocity and the frequency of the light. 

Such a relation has been investigated by Lindemann?! and 
applied to the “selective” photo-electric effect when the vibra- 
tions of the electric vector are in the plane of incidence. He 
assumes that an electron is describing an elliptic orbit about 
a positive nucleus, and that the distance of the electron from the 
centre of the atom is one-half the distance between the atoms. 
Then as in Kepler’s treatment of a planetary orbit the time of 
revolution is 2arv!/(ne*/m)?, where r is the distance apart, 2 is the 
valency, and e and m the charge and the mass of the electron. 
If the incident light has the same period, the eccentricity of the 
ellipse becomes greater and greater till the motion becomes 
unstable and the electron leaves the atom. 

In order to connect ~ with known magnitudes a tetrahedral 
arrangement of atoms is assumed, and 7 is then found to be 
28 x (A/Nd)'/2, where A is the atomic weight, @ the density, 
and N = 6 x 10”, The value of 7 calculated for potassium is 
2°37 x 107%, and the corresponding wave-length for maximum 
resonance is X = 438 pp. 

For other metals the wave-length can be calculated from the 
formula \ = 65°3 ,/(a/z), where a is the atomic volume. The 
values so calculated are in good agreement with those determined 
experimentally by Pohl and Pringsheim? (p. 141). 


? Lindemann, Verh. Deutsch. Phys. Gesell., 13, pp. 482-488, 1911. 
? Pohl and Pringsheim, ibid., 14, pp. 46-59, 1912. 
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Li Na K Rb Cs 
» (calculated) 225 317 438 490 550 
X (observed) 280 340 435 480 — 


The theoretical derivation of Lindemann’s formula is hardly 
convincing, and it seems better to regard it as an empirical 
relation. 


THE QUANTUM THEORY. 


The fundamentai conception involved in the quantum theory 
has been described with exceptional clearness in a discourse 
delivered at the Royal Institution by H. A. Lorentz! ‘The 
word ‘quanta’ is used by physicists in two different senses. In 
some cases we mean by it no more than definite amounts of 
energy of radiation, the magnitude of which is proportional to 
the frequency , or number of vibrations in unit time, so that 
it can be represented by 4m, where / is a constant. In this form 
the idea originated with Planck, who used it in the problems 
of heat radiation, and after whom the constant % is generally 
called. In Bohr’s theory of spectral lines these minute amounts 
of energy play a fundamental and most important part; one of 
his assumptions being that light is not emitted in quantities of 
any magnitude, but in a greater or smaller number of full quanta 
that are radiated successively, one at a time.” 

“ However, this does not always suffice. There are pheno- 
mena from which, if we had to judge by them solely, we should 
certainly infer that the energy of a quantum not only has a 
definite amount, but also remains confined to a very small space. 
In this way one has been led to the idea of ‘concentrated quanta,’ 
which may well be said to be Newton’s corpuscles in a modernised 
form. 

““The phenomena to which I alluded are those of photo- 
electricity. When light of a suitable frequency is let fall on a 
plate of a properly chosen substance, electrons are set free, and 
it has been found that the energy of each of these electrons is 
equal to the quantum for the light which we use. This can be 
easily understood if the quanta are confined to small spaces, so 
that the electron can catch at once a whole quantum, whereas 


1H, A. Lorentz, Nature, 113, p. 608, 1924. 
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if a quantum is spread out over a considerable extent, it is very 
difficult to see how an electron is to get hold of it. So the 
phenomena of photo-electricity seem to speak in favour of some 
corpuscular theory. 

“Let us, in order to make this clearer, suppose that the 
sensitive plate is first placed at a small distance from the source 
of light, and is then removed to a distance a hundred times as 
great, so that the intensity of the light or the total energy that 
falls on the plate in a certain time becomes 10,000 times less. 
Observation shows that the number of electrons liberated from 
the plate also becomes 10,000 times less, but that they are ejected 
with exactly the same velocity as before. This would be very 
natural if we could adopt some form of corpuscular theory, either 
the old or the modernised one. Then it would be clear that the 
number of corpuscles striking the plate has diminished in the 
ratio I mentioned, but that each individual corpuscle can do just 
what it did at the smaller distance, for the velocity has not been 
altered, and the corpuscle or the concentrated quantum has lost 
none of its properties. 

“On the contrary, when there are no concentrations, when, 
in spreading out, the energy becomes more and more dilute, we 
should expect that, at a certain distance, the light becomes too 
feeble ever to liberate an electron. 

‘So it would seem that we really want concentrated quanta. 
But now, having recognised this, we have to face a very serious 
difficulty, a difficulty that hangs as a heavy cloud over this part 
of physics. Indeed, the existence of narrowly limited dis- 
turbances of equilibrium is absolutely irreconcilable with the 
principles of the undulatory theory as they are embodied, for 
example, in Maxwell’s equations of the electromagnetic field.” 

J. J. Thomson! supposes that the ether through which the 
light is travelling has disseminated through it discrete lines of 
electric force. The energy travelling outwards with the wave is 
not spread uniformly over the wave front, but is concentrated over 
those parts of the front where the pulses are travelling along the 
lines of force. Thus the front of a Rontgen pulse or a wave of 
light would suggest the appearance of a number of bright spots 


1J. J. Thomson, Proc. Camb. Phil. Soc., 14, pp. 417-424, 1006-8. 


THEORIES OF PHOTO-ELECTRIC ACTION 163 


on a dark ground. ‘“ From this point of view the distribution of 
energy is very like that contemplated on the old emission theory, 
according to which the energy was located on moving particles 
sparsely disseminated throughout space. The energy is, as it 
were, done up into bundles, and the energy in any particular 
bundle does not change as the bundle travels along the line of 
force.” On the basis of this hypothesis it is possible to explain 
the remarkably small ionisation produced in a gas by Réntgen 
radiation or ultra-violet light; when the ionisation is strong, the 
ratio of the free ions to the number of gas molecules is less than 
1:10” This view of the structure of light renders plausible the 
proportionality between the number of electrons emitted and the 
intensity of the light, and the independence of the velocity of 
emission on that intensity. ‘ Thus, if we consider light falling on 
a metal plate, if we increase the distance of the source of light we 
shall diminish the number of these different bundles or units 
falling on a given area of the metal, but we shall not diminish the 
energy in the individual units. Thus any effect which can be pro- 
duced by a unit by itself will, when the source of light is removed 
to a greater distance, take place less frequently, it is true, but 
when it does take place it will be of the same character as when 
the intensity of the light was stronger.” 

The quantum or unitary theory of light (Lichtquanten- 
hypothese) is derived from the work of Planck! on the radiation 
laws of a black body. The energy of radiation is supposed to 
be built up of an integral number of finite elements. Planck 
finds that such a quantum of energy e¢ has the value 


e = hy, 


where vy is the frequency of vibration of monochromatic light, and 
[is Ob x 1Oe Clo. SeC. 

Einstein? extended the hypothesis, and showed that mono- 
chromatic radiation of small density, obeying Wien’s radiation 
law, behaves as though it consisted of energy or light units of 
magnitude Zv. Heassumed that when light diverges from a point, 
the energy is not continuously divided over a space that ever 
grows larger and larger, but that it is composed of a finite 


1 Planck, Ann. d. Physik, 4, p. 553, 1901. 


2 Einstein, ibid., 1'7, p. 132, 1905. 
Ey 
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number of quantities of energy. Each unit of energy moves out- 
wards without dividing, and can only be absorbed or emitted as a 
whole. By means of this hypothesis Einstein sought to explain 
such phenomena as the photo-electric effect, the ionisation of 
gases by ultra-violet light, photo-luminescence, and the theory of 
specific heat. 

According to the unitary theory of light the photo-electric 
emission of an electron is to be explained by supposing that the 
kinetic energy of the electron is augmented by energy derived 
from one light unit. Hence arises the proportionality between 
the number of electrons emitted and the intensity of radiation, 
and also the independence of the energy (or velocity) of the 
electron on the energy or intensity of the active light, although 
the electron’s energy is, in part at least, derived from the energy 
of the light. 

When the light unit gives up its energy, only a definite fraction 
of that energy may be transferred to the electron, but the simplest 
assumption to make is that the whole energy is given to a single 
electron. In this case the electron leaves the body with energy 

dmv" = hy — P; 


where P is the work the electron has to do in leaving the body. 

This is Einstein’s photo-electric equation. If V denote the 
positive potential which is just sufficient to prevent the discharge 
of electricity from the body, 


Ve = 4mv* = hv — P. 


J. J. THomson’s THEORY OF RADIATION. 


A theory of radiation has been suggested by J. J. Thomson} 
in which the radiation is regarded as arising from the impact 
between electrons and the molecules of the body. In order to 
conform with the Second Law of Thermodynamics it is supposed 
that the forces exerted during the collision between a corouscle 
and a molecule vary inversely as the cube of the distance between 
them, and further, that the collision may be regarded as taking 
place, not between the corpuscle and the molecule as a whole, 
but between the corpuscle and a system such as an electric-doublet 


1 J, J. Thomson, Phil. Mag., 14, pp. 215-231, 1907 ; 20, pp. 238-247, 544, I9I0. 
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of constant moment with its negative end pointing to the 
corpuscle. Such doublets may be supposed dispersed through 
the molecules, the systems being of the same character in whatever 
molecules they are found. If AB is a doublet with the positive 
end at B, a corpuscle P can have a state of steady motion when 
P describes a circle whose plane is perpendicular to AB and 
whose centre lies on AB produced. This steady motion is not 
permanent, for if the particle were started with a radial velocity 
it would slowly drift away. But we may suppose the system 
to remain in this state during the time occupied by a few light 
vibrations, 

It is shown that insuch motion the kinetic energy is pro- 
portional to the frequency. Ifa light wave of the same frequency 
passes through the body, the electric forces in the wave might 
tend to twist the axis of the doublet so as to alter the angle 
between that axis and the direct’on of the corpuscle, and if the 
alteration produced by resonance is sufficiently great the corpuscle 
might be liberated with practically the same kinetic energy as 
it possessed in the steady motion. Thus the energy of emission 
would be proportional to the frequency of the light. Since 
systems having the proper frequency may occur only in a small 
number of molecules, we can explain why the number of particles 
emitted is found to be small compared with the total number 
of molecules passed over, 

In discussing at a later date’ the “unit theory” of light 
J. J. Thomson points out that in all cases where this conception 
of the unitary character of light is helpful we have to deal with 
transformation of energy. He suggests that whenever there is 
a transformation of radiant energy into thermal energy or thermal 
energy into radiant energy, there is an element of discontinuity 
in the process, inasmuch as it takes place by jumps. Thus, to 
illustrate the absorption of monochromatic light, let us imagine 
that we have a frictionless perfectly elastic spring supporting a 
charged body. If this were acted on by electric waves of its 
own period it would absorb energy from the waves. But after 
the waves had passed over it the spring would go on vibrating 
for some time, and would radiate away its energy in the form of 


1J. J. Thomson, Proc. Camb. Phil. Soc , 16, pp. 643-652, 1912. 
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electric waves of the same period as the primary waves incident 
upon it—that is, we should have merely a scattering of the 
primary wave and not real absorption. In order to get real 
absorption we may imagine that the spring snaps when the 
charged body has acquired a certain amount of energy, it 
would then act as a true absorber of energy, for the periodic 
character of the original energy would have disappeared, With 
a system of springs of this kind the energy absorbed would always 
be a multiple of a definite unit, namely, the energy required to 
break the spring. 

Suppose, in the next place, that we think of a system con- 
taining molecules and corpuscles upon which monochromatic 
radiation is incident. Interchanges of energy will take place 
between the various constituents of the system. The properties 
of gases indicate that there is no approach to anything like 
equipartition of energy between the corpuscles and the atoms 
and molecules. In such a case there is a possibility that the 
corpuscles should get into equilibrium with the radiation rather 
than with the molecules. Those corpuscles which are in re- 
sonance with the monochromatic light would dissipate their 
energy as light-waves, and the light would be scattered but not 
absorbed. But if the corpuscle received that amount of energy 
which is sufficient to detach it from the system, so much energy 
would disappear from the radiation, and absorption would take 
place. In this way we can understand how absorption of energy 
can take place in a discontinuous manner. If we suppose that 
the return of an unattached corpuscle to its system is the cause 
of radiation, the amount of energy radiated will likewise be finite 
and definite. 

The supposition that the energy of the corpuscles may 
differ from that required for equilibrium with the molecules 
according to the kinetic theory would account for the fact 
that photo-electric emission is independent of temperature. 


RICHARDSON’S THEORY OF PHOTO-ELECTRIC EMISSION. 


O. W. Richardson! has discussed the emission of electrons 
from a body exposed to radiation on the view that metals 


10, W. Richardson, Phil. Mag., 23, p. 615, 1912; 24, p. 570, 1912. 
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contain a large number (z per c.c.) of free electrons, which are 
retained within the metal by the action of forces near the 
boundary, giving rise to work functions W,, W,, etc., charac- 
teristic of each metal. These electrons are dynamically equi- 
valent to the molecules of a gas. The work done in taking an 
electron from a point A to a point B is 


W => R@ log “, 
2 


where R is the gas constant calculated for a single molecule, 
§ is the absolute temperature, and x,, ”,, are the concentrations 
of the free electrons at A and B respectively. From this it follows 
that at any point in an insulated enclosure 


R@ log z+o=C, 


where w is the time average of the potential energy of an elec- 
tron and C is constant at every point inside the enclosure, but 
may be a function of temperature. It is shown, on the basis of 
thermodynamic and statistical principles, that the number N of 
electrons emitted from unit area of a body in equilibrium with 
the complete radiation characteristic of its temperature 0, may 
be expressed in either of the two equivalent forms 


N= <| eF(v,0)E(v,0 av, 


and N = aAdle/R*” 
where E(v,0) is the function which expresses the distribution 
in the spectrum of the steady energy density, eF(v,@) is the 
number of electrons emitted in the: presence of unit energy 
whose frequency lies between py and v + dy, c is the velocity of 
light, A is a constant characteristic of the substance and inde- 
pendent of @, a is the proportion of the returning electrons 
which are absorbed, w is the internal latent heat of evaporation 
for one electron, and R is the gas constant for one molecule. 
Assuming, as a convenient approximation, that, 


w= WwW, + ROA, 


where z, is independent of 6, and that a = 1—ze. that there is 
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no reflection of the incident electrons, the second equation 


reduces to 
mo 
N = A@e ¥¢, 


If, instead of using Planck’s formula for E(v,@), we replace it 
by the approximation (Wien’s form), 


hv 


8 == 
EQ,0) = plore ™ 


we obtain an integral equation for eF(v) which is satisfied by 
the values 


eF(v) = 0, when 0<hyv <u; 


ll 


Ah Wy 
and by eF(y) = Sa - =), when w,<hv<o ; 


where A, = 2A/27. 


These expressions for the number of electrons emitted under 
the influence of light of a particular wave-length show that there 
is a limiting value 

Wo 
Yo = .s 
below which no photo-electric emission takes place.t. According 
to this solution the emission should be a maximum when 
a 2 Vo. 

In a later paper? Richardson employs Planck's formula for 
E(v,@) and obtains a somewhat different form for the function 
<F(v) above the photo-electric threshold. 

It is shown further that the average kinetic energy T, of 
the electrons which are emitted by light of frequency v is 
given by 

T, = Av — wo, when w,<hv<o. 
This assumes that reflection of electrons can be neglected. If 
this is not the case we can put 

T, = s(kv — w,), when w,<hv<o, 

1 Fermi (N. Cimento, 26, pp. 97-104, 1923), who has investigated the modifica- 
tions which Richardson’s theory undergoes when Planck's formula is used, finds that 
this result still holds rigorously. He shows further that unexpected discontinuities 


are indicated whenever hy = nwg, where x is a whole number. 
? Richardson, Phil, Mag., 27, p. 476, 1914. 
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where s is a positive quantity less than unity. By putting s = I 
we obtain the maximum kinetic energy for the given frequency. 

‘“The above equations have been derived without making use 
of the hypothesis that free radiant energy exists in the form of 
‘light quanta, unless this hypothesis implicitly underlies the 
assumption (A) that Planck’s radiation formula is true, (B) that 
the num er of electrons is proportional to the intensity of mono- 
chromatic radiation. Planck has recently shown that the unitary 
view is not nécessary to account for (A), and it has not yet been 
shown to be necessary to account for (B).” Hence the confirma- 
tion of the equations does not necessarily involve the acceptance 
of the unitary theory of light. 

The maximum and the mean energies of the electrons 
emitted under the influence of light can be determined from 
the velocity distribution curves. Richardson and Compton 
find that the experimental results can be represented fairly 
accurately by writing 

Maximum energy = Tm = An(v — vo); 
Mean energy =, = KAY — V6): 


The following table gives the numerical values of the 
COnStATItS) —— 


I 


Values from Ty. 5 Values from T,. 
Metal. 

Vo x 10-15, | Xo’ kun Vo X to—13 do Vat 
Na : 51°5 583 5°2 2 577 26 
Al. : 63 477 4°3 73 411 2°6 
Mg. 78°5 382 5°2 80 375 2°55 
Zn P 80 370 51 84 357 2°8 
Sn. 83 362 4°9 89 337 2°75 
Pipes gi 330 B55 89 337 I°g 
Cu A I0Oo 300 3°8 97 300 1°65 
Ihe 5 104 288 5°85 103 291 2°8 


The unit for A, is I wy, and for 2» and &, is 10—" erg. sec. 
The values of y, or ), obtained from the maximum energy agree 
with those obtained from the mean energy except in the case of 
aluminium. The authors attach more weight to the values from 
the mean energy. 

The values of £» are fairly concordant except in the case of 
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copper and bismuth, and are about 20 per cent. less than the 
theoretical value corresponding to the formula 


Ly Fo =P) 


where # is Planck’s constant, 6°55 x 107?’ erg. sec. The values 
of &, are approximately one-half the corresponding values of 2, 
including copper and bismuth—that is, the value of s in the 
formula 


Liye = SUR) 


is very close to one-half. 

A further test of the theoretical formula is afforded by a 
consideration of the term w, = Av,. The latent heat of evapora- 
tion of electrons at the absolute zero of temperature can be 
calculated from measurements of the saturation electronic current 
at different temperatures. The mean value of w, so obtained is 
5°34 volts, or 8°32 x 10- erg. in the case of platinum. The 
valué- of vy, is 1-047 x10—" sec.—|, whence: = w,/p, = 5°07 x 10- 
erg. sec. This value of 4 is fairly close to the radiation value. 

The experimental results obtained by Richardson and Comp- 
ton may be compared with those already recorded for distilled 
metal surfaces by Hughes (p. 149), who used a formula for the 
initial velocities of the same type as that deduced by Richardson. 
To facilitate the comparison, the following table has been prepared 
giving the values for the maximum energy in the case of the 
metals magnesium, zinc, and bismuth, common to both sets of 
experiments :— 


Metal. Richardson and Compton, Hughe:. 
Nos Weis Xo. Em. 
Mg 382 5:2 330 5°32 
Zn 376 al 302 5°95 
Bi 330 3°55 32 5°70 


In each case the initial velocity as measured by Hughes is 
greater than the corresponding velocity for the surface obtained 
by scraping the metal. The wave-length at which the emission 
of electrons sets in is less in the experiments of Hughes than in 
those of Richardson and Compton. 
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It was pointed out by Hughes! that in all these experi- 
ments the maximum velocities investigated are those of electrons 
emitted from the side of the plate on which the light was incident. 
Now, from the results of Robinson (p. 90) for platinum, it was 
inferred that originally all the electrons might be emitted more 
or less in the direction in which the light is travelling, and it was 
suggested that the energy lost by a photo-electron in swinging 
round from its original direction of emission is at least I1 per 
cent. The difference appeared to be sufficient to account for 
the value of &, for platinum being less than Planck’s constant 4. 
This explanation falls to the ground in view of Millikan’s 
experiments, described below, which prove that “4 can be found 
accurately from the velocities of the electrons which emerge in 
the direction of the incident light. From Millikan’s investiga- 
tions we reach the important conclusion that for light of given 
frequency, the same amount of energy is imparted to an electron 
in the case of all metals, though the work done in escaping, wy, 
iS a quantity characteristic of the metal. 

The question of the zumber of electrons emitted in unit time 
has been discussed by Compton and Richardson ” in a later paper. 
It is shown that the suggested solution of the integral equation is 
capable of predicting accurately the values of the wave-length 
corresponding to no emission and to maximum emission respec- 
tively, but the experimental results point to the existence of 
another term in the solution. For the curve showing the relation 
between the number of electrons emitted and the wave-length 
appears to possess two maxima instead of only a single 
maximum.? One term may be required to account for the 
“selective,” and another for the ‘‘normal” photo-electric effect. 
Such a solution of the theoretical equations has not, as yet, been 
discovered.* 

An elaborate mathematical treatment of the photo-electric 


1 Hughes, Phil. Mag., 25, pp. 683-686, 1913. 

2 Compton and Richardson, ibid., 26, pp. 549-567, 1913. See also a paper by 
Richardson and Rogers, ibid., 29, p. 518, 1915. 

3 Souder, Phys. Rev., 8, p. 310, 1916, found no evidence of a second maximum 
for freshly cut surfaces of K, Na, and Li. 

4 Richardson, Phil. Mag., 31, p. 149, 1916. 
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effect from the standpoint of Planck’s quantum of action, has 
been given by Debye and Sommerfeld. 


MILLIKAN’S VERIFICATION OF EINSTEIN’S EQUATION. 


Einstein’s bold prediction of 1905 as to the energy of emission 
of electrons under the influence of light, expressed in his photo- 


electric equation 
imu’ = Ve = hv — P, 


has been subjected to accurate experimental verification in the 
Ryerson Laboratory by Millikan? and his fellow-workers. The 
work involved the performance of so many operations upon the 
highly inflammable alkali metals in a vessel freed from all gases 
that Millikan has described the experimental arrangement as ‘‘a 
machine-shop 7% vacuo.” Fresh clean surfaces were obtained by 
cutting shavings from each metal in an excellent vacuum with 
the aid of a knife operated by an electromagnet outside the 
tube. It is only in the case of the alkali metals that the region 
of wave-lengths open to study is large enough to give results of 
the highest accuracy. A quartz mercury vapour lamp was used 
as the source of light, and special precautions were taken by 
using light filters to cut out stray light of short wave-length. 

By these experiments Millikan proved four important points. 

1. The existence of a definite and easily determinable 
maximum energy of emission of electrons under the influence of 
light of given frequency. The energy quantum “py put at the 
disposal of the electron by the incident radiation, can be reduced 
through losses in the metal but can never be exceeded. 

By plotting the photo-electric current against the potential it 
is possible to determine graphically the reversing potential for 
which the photo-electric current just becomes zero. One of the 
greatest advances lay in the increased accuracy in determining 
this photo-potential. 

2. The existence of a linear relationship between photo- 
potentials and the frequency of the incident light. This is 
illustrated for the metal sodium in Fig. 39 which shows how 


1 Debye and Sommerfeld, Ann. d. Physik, 41, pp. 873-930, 1913. 
? Millikan, Phys. Rev., 7, pp. 355-388, 1916. 
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perfectly the points representing the observations made with six 
mercury lines fall on a straight line. 

3. The agreement of the long wave-length limit with the 
intercept of the potential-frequency line, when the latter has been 
displaced by the amount of the contact electromotive forces. The 


To 
Quadrant 
Electrometer 


Fic. 38. 


Millikan’s Apparatus for testing Einstein’s Equation.—W, a wheel carrying cast 
cylinders of the alkali metals. K, a rotating knife to cut shavings from each metal to 
give a clean metallic surface. The clean metal was brought opposite the incident 
light from O by turning the wheel W by means of an external electromagnet. A 
positive potential was applied to the metal surface just strong enough to prevent 
electrons from reaching the gauze cylinder (shown by dotted lines) in connection with 
a quadrant electrometer. S is a test plate for measuring the electromotive force 
between the new surface and the standard plate. 


dotted line in Fig. 39 shows this displaced position, the contact 
E.M.F. being 2°51 volts. The intercept is at V) = 43-9 x 10% 
corresponding to A, = 6800 A. U. 

4. The exact appearance of Planck’s # in the slope of the 
potential frequency line. Theoretically the slope of this line 
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should be exactly equal to /e, so that as e is known it should 
be possible to find % In fact Millikan claims that the photo- 
electric method is one of the most accurate available methods 
for fixing this constant. The reason why earlier experimenters 
did not obtain more consistent values of % is probably that 
sufficient precautions were not taken to avoid stray light of short 
wave-length. 
From experiments with sodium Millikan found 
ANOS 7 ee Ow elon see 


From measurements on lithium, which he regarded as less reliable, 


he found 
fi = 0° 534 xX 10°" eres sec. 


Kadesch and Hennings! working in the same laboratory 
found # = 6°45 x 10~-* from magnesium and # = 6:41 x 1077" 
from aluminium. The surfaces of the metals were renewed zz 
vacuo by a steel scraper operated by anelectromagnet. Although 
the accuracy claimed was not as great as in Millikan’s experi- 
ments it is great enough to establish the belief that Einstein’s 
equation holds for all metals. 

These experiments by Millikan and his colleagues are of 
outstanding importance not only as giving an accurate deter- 
mination of Planck’s constant, but as furnishing strong evidence 
of the reliability of the deductions drawn from the quantum 
theory. At the same time it must be emphasised that the result 
obtained does not of necessity imply acceptancé of the unitary 
theory of light; it may be regarded as a particular example of 
the general principles of the quantum theory laid down by Bohr, 
Wilson, and Sommerfeld. As is well known these principles have 
been applied with remarkable success to the explanation of 
spectral series and to the elucidation of atomic structure. It may 
ultimately be possible to deduce the fundamental photo-electric 
constants from the structure of the atom. F. Kirchner * assumes 
that at the exposed surface of a metal there are atoms which are 
electrically free (atoms of metal-vapour), and he attempts to 
deduce the constants from the spectroscopically known terms for 


1 Kadesch and Hennings, Phys. Rev., '7, p. 147, 1916. 
2F, Kirchner, Phys. Zeitschr., 25, pp. 303-306, 1924. 
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the energy. He claims that in this way he can find suitable 
numerical values for the limiting wave-length, the maximum 
energy of emission, and the position of the maximum _ photo- 
electric effect. 

Experiments on mercury droplets, using a Millikan condenser, 
led Derieux ! to the conclusion that in all probability two electrons 
are never liberated from a molecule of the metal by ultra-violet 
light at the same time. A similar result obtained by Kelly in the 
case of insulators has been mentioned previously (p 87). These 
experiments are in agreement with the results found in work on 
the ionisation of gases carried out by Millikan himself and by his 
collaborators. 


PHOTO-ELECTRIC ACTIVITY AND CONTACT POTENTIAL. 


The phenomena of photo-electric and thermionic emission and 
contact potential are intimately related to one another. The 
view at one time prevalent that these were all to be attributed to 
chemical action must now be rejected (p. 69). In the light of our 
present knowledge it may be said that the factor of importance in 
each of these phenomena is the amount of work that must be 
done in separating an electron from the surface of the substance 
under consideration. 

In 1906 Einstein? suggested a relation between the Volta 
contact difference of potential between two metals and the 
smallest frequencies of vibration which are photo-electrically 
active. 

The theoretical basis of Einstein’s photo-electric equation 


imu" = hv — P 


has been discussed by O. W. Richardson (p. 166), who had 
identified the work P with the quantity w or @, the “electron 
affinity’ which occurs in connection with the emission of electrons 
from a heated metal. In each case this work done against 
surface forces is regarded as an intrinsic property of the body, 
and is closely related to contact potential. From their experi- 


1 Derieux, Phys. Rev., 11, pp. 276-284, 1918. 
2 Hinstein, Ann, d Physik, 20, p. 199, 1906, 
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ments Richardson and Compton! concluded that the differences 
in the values of the constants P, or w, for two different metals 
A and B were connected with the corresponding contact poten- 
tials by the relation 


Wa — Wa =e(Va — Vz). 


This was confirmed both by direct measurement of the energy 
of emission of thermionic electrons, and by determinations of the 
photo-electric threshold frequencies given by the relations 


Wa = hvg, Wa = hvg, 
which lead to Einstein’s result 


h 
Va — V3 = is (va — vp). 


Other experiments have been made by Millikan? and by 
Hennings* and the theoretical results have been proved to hold 
with great accuracy. In these investigations clean fresh metallic 
surfaces were secured by cutting the metal in a very high 


vacuum as already described (Fig. 38). 
The connection suggested by Richardson between contact 


electromotive force and the constant term in Einstein’s equation 
has been emphasised by Millikan.* Let an electron be ejected 
from a metal A by light of frequency y into a Faraday cylinder 
made of oxidised copper or some more electro-negative metal. 
Then, if the electron is to be brought to rest just as it reaches the 
wall of the Faraday cylinder, the energy of ejection must be 
equal to the work done against the applied positive potential 
plus the contact potential, ze. 


4mvu* = (Va + Kade, 


where Vj is the observed maximum positive potential and K, the 
contact electromotive force between the Faraday cylinder and 


the illuminated metal. 
According to Einstein’s equation the energy with which the 


1 Richardson and Compton, Science, 35, p. 783, 1912; Phil. Mag., 24, pp. 570, 
575; 1912. 

2 Millikan, Phys. Rev., 4, p- 73, 19143 7, P- 355, 1916. 

3 Hennings, ibid., 4, p. 228, 1914. 

4 Millikan, ibid., '7, p. 18, 1916. 
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electron is ejected is Av — wa, or hv — hvy, where vy is the long 
wave-length limit for the metal A. 

Thus (Va + Kade 
Similarly for a second metal B 
(Vz + Kg)e = Zv — wz, 

These equations give by subtraction 

(Va = Veje + (Ky = Kp) = wp = wa 
where K, — Kg is the contact electromotive force between the 
two metals. 

In a later paper of considerable importance Millikan? splits 
the term w in the photo-electric equation into two parts, w, and 
w,, the former representing the work necessary to detach the 
negative electron from its parent atom, and the latter represent- 
ing the work necessary to push the free electron through the 
surface of the metal. This last term must be precisely the same 
as that which Richardson * has denoted by the product ¢e in his 


development of the, thermionic equations. The above equation 
may now be written 


(Va - Vale + (Ka - Kp)e = (yg - a) + (2B - Mra): 
But, dy definition, (WaR - W,)/e is the contact electromotive 


force between the metals A and B, which is Ky - Kp. Hence 
it follows that 


ll 


hy oy Wa. 


(Va -— Vale = @p - Wa. 


But Millikan found by direct experiment that the stopping 
potentials for photo-electrons from freshly cut surfaces of sodium, 
potassium, and lithium are accurately the same, z.e. Va = Vg and 
therefore w gp -— wy, = O. 

According to Millikan this important result necessitates one 
or other of the two alternatives : 

Hither (1) the work required to detach an electron from an 
atom is the same for all atoms, or (2) the photo-electron which 
escapes with the highest velocity from a metal under the influ- 
ence of light of frequency v has exactly the energy “vy when it 
arrives at the inner surface of the metal on its way out, no loss 


1 Millikan, Phys. Rev., 18, p. 236, 1921. 
? Richardson, The Emission of Electricity from Hot Bodies, Longmans. 
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of energy in getting out of the atom having to be taken into 
account. 

The first alternative is dismissed by Millikan as being 
violently at variance with our knowledge of ionising potentials. 

The significance of the second alternative for the quantum 
theory lies in the fact that it, in turn, requires one or other of the 
two following alternatives: 

Either (a) the incident light is able to take hold of a free 
electron of the metal and impart to it an energy 4p, or (4) the 
incident light energy is not absorbed in whole quanta at all, but 
rather absorption continues within the atom until the electron is 
able to escape from the atom with the energy 4p, the absorption 
being then Av + w,. 

The latter is the conclusion drawn by Barkla from his work 
on X-rays, but Millikan inclines to the former alternative. 

The photo-electric thresholds for commercially pure samples 
of the elements have been determined by R. Hamer.! The sur- 
face was cleaned with sand paper and placed in a cell which was 
immediately evacuated to a pressure of about 0-006 mm. of mer- 
cury. The results in Angstroms are as follows :—Ag (3390); Al 
(3590); Bi (2980); C, graphite (2615); Ca (4000); Cd (3130); 
Gauczoes). Fe @370)> Ni Goso); Pb (2080); Ft (e780): 
Se (2670); Sn (3180); Th (3460); W (2615); Zn (3420). 


PHOTO-ELECTRIC AND THERMIONIC EMISSION. 


The relation of photo-electric to thermionic emission has been 
discussed in detail by O. W. Richardson,” to whose publications 
reference should be made for full particulars. The complete photo- 
electric emission at any temperature is the term used to designate 
the emission of electrons due to radiation in temperature equili- 
brium with the body under consideration.* 

A comparison of the thermionic and the photo-electric work 
function for platinum has been carried out by Koppius,* who 
found the photo-electric current independent of temperature up 
to 500°, except for a slight decrease due to the magnetic effect 

1R, Hamer, Oftical Soc. of America, $., 9, pp. 251-257, 1924. 
2 See the references at the end of the chapter. 
3 Richardson, Phil. Mag., 31, pp. 149-155, 1916. 


4 Koppius, Phys. Rev., 18, pp. 443-455, 1921. 
1 
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of the heating current, and the long-wave limit remained constant 
within I per cent. at 2570 A.U. Hence the work necessary to 
detach an electron photo-electrically from Pt, comes out as 4°80 
volts, which is close to the values found for the corresponding 
thermionic work function. 

A. Becker! has discussed the relations between photo-electric 
and thermal emission of electrons and considers that there is an 
exact parallelism between the two phenomena. There is, how- 
ever, an important distinction, which has been emphasised by 
Lewis,” between the two effects. “In the first, the electrons are 
emitted from a material owing to exposure of the surface to 
radiation from an external source at a relatively high tempera- 
ture and usually of relatively short wave-length. The thermionic 
effect is the emission of electrons due to the temperature of the 
material itself and consequently due to the radiation density of 
all wave-lengths characteristic of the temperature of the material. 
It is obvious that the photo-electric effect is the true analogue of 
photo-chemical change, the thermionic effect being the analogue 
of thermal chemical change.” 

The thermionic and photo-electric properties of sodium and 
potassium have been studied by A. F. A. Young.’ The currents 
are not believed to be due to chemical reaction. The photo- 
electric work function of potassium was found to be a good deal 
greater than the thermionic work function. To explain this 
difference Richardson suggests that the thermionic current comes 
chiefly from those parts of the surface which have the smallest 
value of the work function, while the photo-electric current is 
more evenly distributed over the whole surface, a measurable 
amount coming from those parts which have higher values for the 
work function. 

In a later paper by Richardson and Young‘ evidence is 
brought forward to show that for sodium and potassium the 
thermionic work function and the photo-electric threshold A, each 
have more than one value. The existence of such multiple thres- 


1A, Becker, Ann. d. Physik, 60, pp. 30-54, IgIg. 

2 Lewis, System of Physical Chemistry, Vol. III., pp. 243-246, 1924. 
3A. F. A. Young, Proc. Roy. Soc., 104, pp. 611-639, 1923. 

4 Richardson and Young, ibid., 107, pp. 377-410, 1925. 
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holds will go far to explain the anomalies found by previous 
observers. The separate thresholds appear to be localised in 
patches on the surface. For normal potassium Ag is close to 
7000 A.U., which agrees with the known region of maximum 
activity Amax and the equation Ay = 2 Ana For potassium sensi- 
tised after the method of Elster and Geitel there is an additional 
photo-electric emission extending into the infra-red, A) being 
about 10,000 A.U. and Amax probably in the neighbourhood of 
6000 A.U. 


PROBABILITY METHODS IN PHOTO-ELECTRICITY. 


In a classical paper Einstein? derived Planck’s radiation law 
from a consideration of the probability of transitions between 
different stationary states. He considered an enclosure contain- 
ing a gas, the atoms of which could assume a number of stationary 
states, and investigated the equilibrium subsisting between the 
atoms and the surrounding radiation. In thermodynamic equi- 
librium the number of elementary processes in one direction 
ought to balance the number occurring in the opposite direction. 
Einstein not only introduced probability coefficients, but showed 
how to obtain a relation between them. Milne*® extended the 
method to the photo-electric effect, and evaluated the coefficients 
of absorption for the continuous spectrum which lies on the short 
wave-length side of the series limit. His formula involves the 
unknown probability of capture of an electron by an ionised 
atom. ‘The method may be applied to the stationary state of a 
medium traversed by radiation different from that belonging to 
the medium.3 

Richardson * has pointed out that the formule developed by 
Kramers’ and Milne for the photo-electric activity of radiation 
have a very close connection with formule which he obtained in 
IQII-I3 prior to the publication of Bohr’s theory. 


1 Einstein, Phys. Zeitschr., 18, p. 121, 1917. 
2 Milne, Phil. Mag., 47, p. 209, 1924. 

° Woltjer, Nature, 115, p. 534, 1925. 

4 Richardson, Phil. Mag., 47, p. 975, 1924. 
* Kramers, ibid., 46, p. 836, 1923. 
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PHOTO-ELECTRIC CONDUCTIVITY IN CRYSTALS. 


The quantum theory has been applied to the phenomenon of 
photo-electric conduction in crystals. 

Gudden and Pohl! have madea detailed examination of photo- 
electric actions in crystals. They find considerable simplification 
in the complicated phenomena if single crystals are employed, 
with small illumination, and if attention is concentrated on the 
initial value of the current. This so-called “primary” current 
becomes saturated as the voltage is raised, the saturation field 
intensity having a definite value for each kind of crystal, and for 
each direction in a crystal. The saturation field intensity appears 
to be related to the refractive index for red light, crystals with 
high refractive index exhibiting photo-electric conductivity. 

In accordance with the quantum hypothesis we might expect 
that if an amount of light energy Q, having frequency », is 
absorbed, the number of electrons liberated would be N = QO/hy 
and consequently N/Q should be proportional to the wave-length. 
In the selective photo-electric effect no more than 3 per cent. of 
the total number of electrons to be expected on the quantum 
hypothesis can actually be observed; but this is hardly surprising 
as only those electrons which escape through the surface can be 
detected. 

There is more prospect of finding evidence in favour of the 
hypothesis by investigating the liberation of electrons within a 
crystal. Experiments were carried out with a specially selected 
diamond, for which the relation between the absorbed and 
the incident light had been carefully determined.” A linear 
relation between N/Q and wave-length was found to hold 
between 225 and 450 wu, and the value of # deduced was 
6°38 x 1077’ erg. sec. For zinc blende the relation was found to 
hold between 405 and 489 pp, the value of 2 being 7 x 10-7’ erg. 
sec. Measurements of the photo-e'ectric conductivity of cinnabar 
(H gs), though not affording proof of the quantum equivalent law, 
are compatible with its validity, and taken in conjunction with the 


'Gudden and Poh!, Phys. Zeits. 23, pp. 417-420, 1922, and a series of papers 
m ostly published in Zeits. f. Physik. See in particular 3, p. 123, 1920; 5, p. 176, 
Ig2r; 6, p. 248, 1921; 16, pp. 42, 170, 1923. 

2 F, Peter, Zeits. f. Physik, 15, p. 358, 1923. 
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previous results afford considerable evidence in its favour. Thus 
we may conclude that, within the limits of error, each quantum of 
radiation absorbed by diamond, ZnS, or HgS, corresponds to the 
liberation of one electron. 

There is evidence in favour of the view that the conduction of 
electricity, through certain crystals at least, is mainly electrolytic 
in character... When the crystal is exposed to light, positive and 
negative electric carriers may be produced in the interior which 
will modify the electric conductivity. Suppose two electrodes 
attached to the crystal are connected to a battery through a 
ballistic galvanometer, and the crystal is momentarily illuminated. 
Let d@ be the distance between the electrodes, f the cross-section 
of the crystal. Then, if ~ carrier pairs are formed per cm.? by 
the light, the number of such pairs in the crystal is N = nfd. If 
wis the path of the negative charge e, and x, the path of the 
positive charge e in the crystal, the separation of the charges by 
the distance x, + x_ corresponds to an electric displacement 
nef(r, + +) = Ne(v, +-+_)/d. This is measured by the galvano- 
meter as a quantity of electricity. Without knowledge of the 
paths +, and +_ it is impossible to discriminate between polar- 
isation of the dielectric and photo-electric conductivity. In the 
case of crystals whose dispersion indicates high mobility for the 
electrons, such as those with refractive index greater than 2, it 
appears that the “primary” is a true photo-electric current con- 
sisting in the transport of electrons through the crystal lattice to 
the anode. If the positive “rest atoms” are practically stationary 
x, = 0 and electrons are produced uniformly throughout the 
crystal, the mean value of x_ will be d/2 and the galvanometer 
will give the value of }Ne, when the primary current is saturated. 
In pure crystals of the type referred to, the electrons liberated by 
the light travel quickly to the anode, perhaps springing from atom 
to atom, whilst the positions of the positive atoms move slowly 
under the action of thermal vibrations, or light of long wave- 
length, until they reach the kathode. Double layers are formed 
at the surfaces of the electrodes which may persist for several 
hours in the dark; they disappear in the light. 


1See F. v. Rautenfeld, Ann. d. Physik, 72, pp. 617-628, 1923. 
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WHITTAKER’S QUANTUM MECHANISM IN THE ATOM. 


An interesting attempt to construct a mechanism which will 
represent some of the features required from the atomic structure 
by the quantum theory has been made by Whittaker,’ whose 
work was suggested by the magnetic models of Ewing.” It is 
necessary to preface the remark that Whittaker himself attaches 
importance not to the particular model, which may be called a 
“magnetic wheel,’ but to the mathematical equations which are 
symbolised by that structure. The circumference of the wheel is 
regarded as carrying a number of magnetic poles of the same 
name? An electron approaching the wheel creates a magnetic 
field which tends to set the wheel in rotation, or induces in the 
atom what he terms a “magnetic current’”—z.e. the magnetic 
analogue of an electric current. When the initial velocity of the 
electron is small, the electron travels to a definite point on the 
axis where it comes to rest and the motion is reversed—the 
collision is elastic. When, however, the initial velocity is large, 
the electron passes right through the atomic system and escapes, 
having given up a definite amount of energy to the wheel which 
is left in rotation. Some picture must now be formed of the way 
in which this energy is converted into radiant energy; or con- 
versely, of the way in which energy is absorbed from the incident 
light and the magnetic wheel set in rotation. Such systems have 
been pictured by Whittaker and by Ewing (loc. czz.). ‘‘ Suppose 
now that one of the free electrons [in a metal] happens to be in the 
vicinity of the magnetic wheel: tne field due to the rotation of the 
wheel will cause the free electron to be sucked inwards to the 
wheel. Ifthe energy of rotation of the magnetic wheel is less than 
the amount U = 4p the free electron, after having been sucked ina 
certain distance, will be rejected without passing through the wheel 
or having (in the long run) abstracted any energy from it; butifthe 
energy which the magnetic wheel has absorbed from the incident 
light happens to be, at the moment, equal to or greater than /y, 
then the free electron will be sucked through the magnetic wheel 


1 Whittaker, Proc. Roy. Soc. Edin., 42, p. 129, 1922; Ewing, ibid., p. 143. 

2 Ewing, ibid., p. 97, 1922. 

3J. A. Eldridge, ibid., Paper read Nov. 24, 1924. Notes added by E, T, 
Whittaker and H. S, Allen. 
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and will come out on the other side, having abstracted energy 
of amount precisely v from the wheel. Thus when the energy 
absorbed by an atom of the metal from the incident light amounts 
to as much as Ay», the first free electron which presents itself is 
sucked through the atom and relieves the atom of the energy “pv. 
The electron, then, arrives at the inner surface of the metal on its 
way out with energy 4v; it loses energy 4v, in passing through 
the surface, where vy, is equal to Richardson’s product ¢e in 
thermionics ; and thus the energy with which an electron escapes 
from a metal illuminated by radiation of frequency v is k(v — v,).” 

The present writer! has discussed this quantum mechanism, 
and pointed out that when Professor Whittaker introduces (in 
connection with the transformation of energy of rotation into 
energy of radiation or the converse) a natural constant of Action, 
he is departing from classical theory and postulating a vibrator 
which does not lead to the law of equipartition of energy. 
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CHAPTER XII. 


PHOT O-ELECTRIC. FATIGUE 


THE fact that the photo-electric activity of a metal surface which 
has been freshly polished diminishes with the time, has been 
known almost as long as the existence of the photo-electric 
current. In the experiments of Hertz it was noticed that the 
illuminated metal terminals between which the spark was to pass 
required careful polishing; tarnished terminals showed no in- 
crease in the spark-length when illuminated by ultra-violet light. 

Many of the earlier experimenters noticed that the photo- 
electric current from metals such as zinc or aluminium dimin- 
ished as the time that had elapsed since the metal was polished 
was increased. Hallwachs also found a diminution in the 
positive potential reached by a metal plate when illuminated, 
after the plate had been used for some time. This diminution 
in photo-electric activity is known as the ‘‘fatigue” of the 
Hallwachs effect. 

In his first paper on photo-electric phenomena Hallwachs1+ 
remarked that the “ageing” of the surface is accelerated by 
the influence of the illumination. Again,’ in describing the 
experiments showing that a metal becomes positively electrified 
under the influence of light, he states that “old surfaces no 
longer show the phenomenon. The radiation itself lowers the 
potential to which the plates can be electrified, so that with any 
succeeding experiment made with the same surface the potential 
obtained is lower, while the rise to it takes place more rapidly, 
and the decrease is greater than when for the same interval of 
time between the experiments the plate was not illuminated.” 
In a later paper ® he pointed out that this change was not due to 

1 Hallwachs, Wied. Ann. d. Phystk, 33, p. 308, 1888. 
2 Hallwachs, Phil. Mag. (5), 26, p. 78, 1888. 


® Hallwachs, Ann. d. Physik, 3'7, pp. 666-675, 1889. 
186 


PHOTO-ELECTRIC FATIGUE 187 


oxidation of the surface, at least in the case of a copper plate. 
The activity of an oxidised plate was the same as that of a 
polished plate. The presence of water vapour was without 
effect. A copper plate oxidised by heating in air can be used 
as a standard, as the activity assumes a constant value which 
changes but little with the time. 

Photo-electric fatigue was noticed by Hoor.t When a 
freshly-polished plate of zinc was illuminated by an arc lamp 
for 20 seconds a diminution of 35:4 per cent. took place ina 
negative charge communicated to an electroscope in connection 
with it. With copper the diminution was 37 fer cent., with 
brass 38 per cent. After the plates were exposed for 48 hours 
in the open air the diminution in the charge was about the same 
for all three metals—vzz. 10 per cent. 

Stoletow ? notes that when two condensers are used at the 
same time, one being nearer the source of light than the other, 
that which is nearer the source fatigues more rapidly than the 
other, so that the ratio of their sensibility varies when the 
exposure is prolonged. 

Elster and Geitel* found that a freshly-polished surface of 
zinc lost half its photo-electric sensitiveness in five minutes, sun- 
light being used in making the test. 

Branly,* again, drew attention to the fact that metal surfaces 
were extremely active when freshly polished, sunlight being 
then sufficient to produce the discharge. An aluminium disk 
tested about 35 minutes after polishing showed about one-third 
of the initial activity. 


CAUSES OF PHOTO-ELECTRIC FATIGUE. 


It may be well to state at the outset that, as the result of 
considerable discussion, it is now generally considered that the 
photo-electric activity of a pure metal is an intrinsic property of 
that metal, and that no fatigue would be observed with a clean 
metallic surface in a perfect vacuum. 

Various theories have been advanced as to the nature of the 

1Hoor, Akad. Wiss. Wien. Ber., 97, p. 723, 1888. 
2 Stoletow, C. R., 108, pp. 1241-1243, 1889. 


3 Elster and Geitel, Wied. Ann. d. Physik, 38, p. 503, 1889. 
4 Branly, fourn. de Physique (3), 2, p. 300, 1893. 
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change producing the photo-electric fatigue observed in ordinary 
experiments. These may be summarised as follows :— 
1. A chemical change, such as oxidation of the surface. 
(Knoblauch, ) 
. A physical change of the metal itself, as, for example, a 
roughening of the surface. 
An electrical change in the formation of an electrical 
double layer. (Lenard.) 
4. Achange in the surface film of gas, or in the gas occluded 
in the metal. (Hallwachs.) 
It must be kept in mind that the cause of sucha phenomenon 
as photo-electric fatigue is not necessarily always the same. 


N 


WwW 


What may bea primary cause of fatigue in one case may play 
only an unimportant part in other cases. Thus oxidation would 
bring about a rapid diminution in the activity of an alkali metal 
exposed to air, but it does not follow that the fatigue of other 
metals is invariably due to the same cause! As many confus- 
ing and contradictory results have been obtained by different 
experimenters, it is most important to pay attention to the exact 
conditions under which fatigue takes place in any particular 
instance. In dealing with this subject it is convenient to dis- 
tinguish between the rapid fatigue that takes place when a plate, 
say of copper or zinc, is exposed in a gas at ordinary pressures, 
and the slow fatigue sometimes observed in a so-called vacuum. 


PHOTO-ELECIrRIC FATIGUE IN GASES AT ORDINARY 
PRESSURES, 


In discussing this case we may ask four questions, which 
can only be answered by experimental investigation. Firstly, 
is light the active agent in producing fatigue? Secondly, does 
fatigue depend on the size of the containing vessel? Thirdly, 
does fatigue take place in gases other than air? Fourthly, does 
fatigue depend on the electrical condition of the plate? 


1 Dima, C. R., 157, p. 590, 1913, experimenting on metallic compounds, found 
that the higher oxides of a metal exhibit less fatigue than the lower. In some cases 
ultra-violet light brought about increased activity—‘ negative fatigue ’’—which was 
interpreted as due to reduction. His resul.s led him to associate the fatigue of a 
metal with oxidation. 
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1. ls Light the Active Agent in producing Fatigue ?—We 
have seen that in the early literature of the subject fatigue was 
often attributed to the direct action of the light. 

Kreusler,| who was the first to investigate fatigue effects 
systematically, expressly states that the fatigue depends on an 
action of the ultra-violet light on the surface of the kathode. 
This he shows by the following experiment. The photo-electric 
current with a potential of 3320 volts was measured several times 
in succession, using a kathode of freshly-polished zinc. Between 
two measurements the kathode remained in connection with the 
earth—that is, at zero potential. During this interval it was 
either illuminated for several minutes or shielded from the light 
(a 2 mm. spark between Al! terminals). The following table 
illustrates the results :— 


Intensity of Photo-electric Current. 


Amp. 
Initial : , y . : i. 1°36 % tome 
After 8 minutes in darkness : A E33 Sanne 
After 5 minutesin light. ; cto Oe 
After 6 minutes in darkness : ae KLOAKALOn 
After 5 minutes in light. A Retr O2 ealOm 
After 5 minutes in darkness : a TSO2 OS P= 
After 6 minutes inlight  . pe OF OR oe LOot 


The fatigue is proportional to the duration of the illumination. 

It should be noticed that in these experiments very large 
potential differences were employed. 

About the same time Buisson? carried out a series of ex- 
periments which led him to the conclusion that modification of 
a metallic surface was brought about under the influence of light. 
The properties investigated were the photo-electric activity and 
the contact difference of potential, 

“Immediately after cleaning, the speed of (photo-electric) 
discharge is extremely great, but it lessens regularly towards 
zero. The rapidity, but not the mode of this diminution, 
depends on the richness of the light in ultra-violet rays. 

“This variation of sensitiveness is not essentially due to an 


1 Kreusler, Ann. d. Physik, 6, p. 398, I90l. 
2 Buisson, Annal. Chim. Phys., 24, pp. 320-398, Igor. 
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alteration, such as oxidation, produced by the air alone. It is 
light which is the active agent. In fact, such a plate left several 
hours in darkness after having been cleaned, and then exposed 
to light, behaves like a fresh plate, and further, its sensitiveness 
is considerably increased. Lastly, the diminution of sensitiveness 
which light produces on the metallic surface is not permanent. 
It disappears in darkness, and after a stay of sufficient duration 
away from the light, the plate behaves as if it had never been 
exposed. 

“The results are clearest with amalgamated zinc, with which 
one can obtain a perfectly new surface by strongly wiping the 
metal. With zinc and aluminium it would appear that, in addi- 
tion, the action of light produces a slow permanent alteration, 
such as oxidation.” 

The variation of the photo-electric sensibility was also 
attributed to the action of light by E. v. Schweidler.1 The 
substances tested were zinc, magnesium, amalgamated zinc, and 
magnalium (c. 70 Al, 30 Mg), and the fatigue was found to be 
due chiefly to “effective,” z.e. ultra-violet, light. The process of 
recovery, which is not dependent on the light, may be superposed 
on the process of fatigue, so that the two go on simultaneously. 

The interpretation put upon the recorded results was first 
called in question by Hallwachs,? who came to the conclusion 
that under ordinary conditions light is not a primary cause of 
photo-electric fatigue. He pointed out that, owing to the size of 
the containing vessel influencing the rate at which fatigue takes 
place, experiments in light and in darkness were not comparable 
unless the size of the vessel were unchanged. Experiments 
carried out with two zinc plates in sunlight and in complete 
darkness showed no difference in the rate of fatigue. 


Percentage Fatigue. 


In light . . 40 78 88 93 
In darkness ye | 8I 88 94 
Time in minutes 6 24 52 135 


The use of photo-electric cells with plates of Cu or CuO for 
the photometry of ultra-violet light was only possible in view of 


TE, v. Schweidler, Akad. Wiss. Wien. Ber., 112, Ila, Pp. 974, 1903. 
*Hallwachs, Phys. Zeitschr., 5, p. 489, 1904. 
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the fact that prolonged exposure to the radiation had no influence 
on the activity. In the course of his researches Hallwachs never 
found a recovery of activity that could be attributed to the plate 
being kept in darkness. Though the radiation is not the direct 
cause of fatigue, it may in certain cases be a secondary cause, as 
through the production of ozone, which is found to bring about a 
diminution of the photo-electric activity. 

F. Aigner! disputed the conclusions of Hallwachs, and described 
experiments from which he inferred that changes in photo-electric 
activity are due directly to the illumination, and that the shorter 
the wave-length, the more active is the light, as a rule, in produc- 
ing fatigue. 

E. Ullmann” has repeated the experiments of Aigner with 
a view to discovering why his results showed evidence of an 
influence of light on the fatigue of zinc. Two zinc plates in two 
similar testing vessels were tested at the beginning and at the 
end of a period of five minutes, during which one was in darkness 
while the other was illuminated by an arc lamp. With the lamp 
distant 120 cm. from the plates no difference could be detected 
in the percentage fatigue. The same was true with the lamp 
46 cm. from the plates; but when the distance was reduced to 
23 cm. the illuminated plate was found to fatigue more rapidly 
than the-plate in darkness. The difference was attributed in 
part to the formation of ozone by the ultra-violet light, in part 
to the action of heat on the plate. To discriminate between the 
effects, the fatigue was measured when the illumination was (a) 
direct, (4) tangential, (c) on the back of the plate. The con- 
clusion drawn from these experiments was that illumination pro- 
duced no direct fatigue, but that the fatigue observed by Aigner 
must be attributed to the influence of ozone, diminished by the 
influence of the increased temperature. 

The results obtained by H. S. Allen? in his earlier papers 
on the photo-electric fatigue of polished and amalgamated zinc 
are in agreement with the view of Hallwachs. He found that 
the rate at which the fatigue proceeded was not greatly influenced 


1F, Aigner, Akad. Wiss. Wien. Sitz. Ber., 115, 24, pp. 1485-1504, 1906. 
2E, Ullmann, Ann. d. Physik (4), 32, pp. 15-20, IgIO. 
3H. S, Allen, Proc. Roy. Soc., A, 78, § 7, p. 489, 1907; 82, § 5, p. 164, 1909. 
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by the intensity or character of the source of light employed. 
In his later work! he has shown that the fatigue takes place in 
complete darkness almost as rapidly as in light. Thus we con- 
clude that light zs not the primary cause of fatigue, though it 
may play a secondary part in accelerating or retarding fatigue. 
A very powerful source of ultra-violet light may cause increased 
fatigue in consequence of the production of ozone, which is, as 
shown below, one of the factors in bringing about a diminution 
of the photo-electric current. 

The effect of light of longer wave-length in zxcreasing the 
activity—an effect mentioned by several experimenters—is 
almost certainly due to a rise in temperature. This is illus- 
trated in Fig. 4o, where the upper curve shows an apparent 
recovery of the plate due to the thermal radiation, while the 
lower curve shows the normal fatigue that occurs when the 
longer waves are absorbed by a layer of water. 

2. Does Fatigue depend on the Size of the Containing Vessel? 
—The influence of the size of the containing vessel (Gefassein- 
fluss) on the rate at which fatigue proceeds was first noticed by 
Hallwachs.? Highly-polished copper plates were placed in a 
photo-electric cell immediately after polishing, and their photo- 
electric activity determined. They were then removed from the 
cell and placed in various receptacles, fiom which they were 
taken from time to time for measurements of their activity to be 
made in the cell. Plates lying in the open air showed a fall to 
half the original activity in about 1°5 hours, while those in the 
room required twice as long for the same fall to take place. If 
the plates were put in a large glass vessel of 0°5 cubic metre 
capacity, the activity fell to half-value in 22 hours, and if the 
plates were put in a I-litre flask, no less a period than from 8 to 
20 days was necessary. 

A plate of copper oxide (CuO) is much more constant. In 
a room the activity falls to half-value in about 13 days—about 
100 times the period for the copper plate. With the CuO plate 
enclosed in a glass vessel closed with a quartz window the period 

1H.S. Allen, Ann. d. Physik, 32, p. 1111, 1910; Phil. Mag., 20, pp. 565-567, 
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?Hallwachs, Phys. Zeitschr., 5, pp. 489-499, 1904; Ann. d. Physik, 23, pp. 
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required was not less than 330 days. Such a cell can be used for 
the photometry of ultra-violet light. 

The experiments of Aigner! on the fatigue of zinc led him to 
the conclusion that the influence of the vessel suggested by 
Hallwachs, if present at all, is very small. These experiments 
have been criticised by Hallwachs and Ullmann on the ground 
that the containing vessels were of such shape that the gases 
within could play but a small part in bringing about fatigue. All 
the vessels were narrow cylinders not more than 6 cm. in diameter, 
and differing only in length (from 25 to 150 cm.). 

Ullmann? carried out an investigation on the fatigue of zinc 
which confirmed the opinion of Hallwachs as to the influence of 
the size of the vessel. The vessels used were a 1-litre glass flask, 
a glass vessel of 600 litres, and a room of 9:4 x 10* litres. 
Calling the original activity 100, the mean percentage fatigue 
observed with these three vessels amounted to 27°4, 32°8, and 40°5 
respectively, It was found that the transference of the plate 
under test from the vessel to the testing cell produced a certain 
amount of fatigue (not observed in the case of copper), which was 
allowed for by special experiments. 

H. S. Allen*® also has observed a marked difference in the 
fatigue of zinc when that fatigue takes place in the air of a room 
and inside a closed testing vessel, In the confined space the 
fatigue proceeds more slowly ; thus in one series of experiments 
the activity diminished 31 per cent. in 16 minutes inside the 
vessel, but in the air of the room 47 per cent. in the same time. 

Ignorance of the influence of the size of the vessel on fatigue 
goes far to explain the contradictions found in the records of the 
earlier experiments on the subject. 

We conclude that the vate at which the fatigue proceeds dimin- 
ishes with the size of the containing vessel. This result is evidently 
of fundamental importance when considering the cause of fatigue. 
Hallwachs attributes the fatigue principally to certain substances 
present in small quantities in the surrounding atmosphere. In 
the case of Cu and CuO, water vapour produces a certain effect, 


1, Aigner, Akad. Wiss. Wien. Sitz. Ber., 115, 2a, pp. 1485-1504, 1906. 
2 Ullmann, Ann. d. Physik (4), 32, pp. 1-48, Igto. 
3H, S. Allen, ibid., p. 1111, 1910; Phil. Mag., 20, p. 571, Igto. 
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but one that is too small to account for the fatigue observed ; wood- 
tar gives a strong, ammonia a very strong effect ; but, according to 
Hallwachs, the agent that is primarily responsible for photo-electric 
fatigue is ozone. In the case of zinc Ullmann finds that water 
vapour brings about marked fatigue both in air and in hydrogen, 
though here too ozone is effective in promoting fatigue. Another 
factor that is of influence in checking fatigue in a small vessel is 
the prevention of air-currents which would bring fresh amounts 
of the substance producing fatigue up to the metal surface. 

3. Does Fatigue take place in Gases other than Airy ?—An 
answer to this question is likely to throw much light on the nature 
of the causes that bring about fatigue. It might be supposed, 
before any investigation had been carried out, that air or oxygen 
was essential for the production of fatigue. Thus Knoblauch,! 
who held the erroneous view that the photo-electric current is 
directly caused by the process of oxidation (see p. 88), explained 
the fatigue of a zinc plate as due to the formation of a layer of 
oxide. 

It has been stated by some writers that fatigue does not take 
place in hydrogen. Thus Varley? records observations on zinc 
in hydrogen from which he infers that there is no sign of fatigue. 
On the other hand, Hallwachs? describes experiments with copper 
and platinum, which prove that the fatigue of these metals in 
hydrogen is quite analogous to that observed in air, the fatigue of 
copper being somewhat less rapid, but that of platinum being 
somewhat more rapid in hydrogen than in air. The fatigue of 
zinc in hydrogen has been established by the experiments of 
Ulimann# and of H. S. Allen.’ The latter also examined the 
behaviour of aluminium and copper, and found that the fatigue 
took place at about the same rate in hydrogen asin air. In these 
experiments the metal plate was polished and put in position in 
the testing vessel, the air was displaced by a current of hydrogen, 
and observations of the activity were commenced a few minutes 
after polishing. It is not probable that the gas was entirely free 

‘Knoblauch, Zeitschr. f. Phys. Chem., 29, p. 257, 1809. 

2 Varley, Phil. Trans. Roy. Soc., A, 202, p. 444, 1903. 

3 Hallwachs, Ann. d. Physik, 23, pp. 489-490, 1907. 


4E. Ullmann, ibid., 32, p. 33, 1910. 
5H. S. Allen, ibid., p. 1111, rgt0; Phil. Mag., 20, pp. 569-570, Igto. 
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from water vapour, nor is it likely that the air-film on the surface 
of the plate was immediately changed. 

The influence of the surrounding medium on photo-electric 
activity was clearly shown in the researches of Wulf! Chlorine 
and ozone were found to cause strong fatigue with a platinum 
electrode. With ozone the effect of moisture was particularly 
marked. With moist ozone the activity fell to half its initial 
value in one minute, while in dry ozone a similar diminution 
required about 15 minutes. 

4. Does Photo-electric Fatigue depend on the Electrical Condition 
of the Plate ?—In the experiments of Kreusler? differences of 
potential not far short of those required to produce a spark were 
employed, but there is no evidence showing any effect on the 
process of fatigue due to these high potentials. 

E. v. Schweidler,’ in studying the variations in photo-electric 
activity of zinc, aluminium, magnesium, and magnalium (c. 70 Al, 
30 Mg), found that the fatigue proceeds at the same rate whether 
the illuminated plate carries a positive or a negative charge. 

Hallwachs* found no effect on the fatigue due to the electrical 
condition of the plate. He carried out a series of simultaneous 
observations on the photo-electric activity and the contact potential 
of a plate of copper. No parallelism was found between the 
fatigue effect and the variation of the contact potential. He 
concluded that the formation of double layers, as suggested by 
Lenard, could not be the main cause of the fatigue, though such 
a change might perhaps explain a certain percentage of the 
observed effect. 

Sadzewicz® also found that the degree of fatigue does not 
depend on the initial value of the current, on the electric state of 
the plate during illumination, or on its photo-electric sensitive- 
ness. It is thus not an electric phenomenon properly so-called. 

The variations in the contact difference of potential of zinc 
were found by Ullmann® to have little or no influence on the 


1Wulf, Ann. d. Physik, 9, p. 946, 1902. 
2 Kreusler, ibid., 6, p. 398, 190Z. 
3. v. Schweidler, Akad. Wiss. Wien. Sitz, Ber., 112, Ila, p. 974, 1903. 
4Hallwachs, Ann. d. Physik, 23, pp. 467-484, 1907. 
5 Sadzewicz, Acad. Sci. Cracovie. Bull., 5, pp. 497-498, 1907. 
6 Ullmann, Ann. d. Physik, 32, p. 46, 1gto. 
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photo-electric activity, so that it is not possible to explain the 
photo-electric fatigue of zinc as caused by such variations. 

H. S. Allen,! too, showed that the rate at which fatigue takes 
place with a zinc plate does not depend on the strength of the 
electric field applied, or on the sign of the charge on the plate. 


THE RATE OF PHOTO-ELECTRIC FATIGUE. 


Buisson? found that the photo-electric activity diminished 
according to the exponential law. Schweidler*® gave a formula 
in which the activity at any instant is represented by the sum of 
an exponential and a constant term. H.S. Allen* found in the 
case of polished and amalgamated zinc that two exponential 
terms were required. The diagram (Fig. 40) illustrates some of 
the curves obtained ; the ordinate represents the logarithm of the 
photo-electric activity, the abscissa the time since the plate was 
polished. A straight line on the diagram would represent a single 
exponential term. He put forward the hypothesis that two 
consecutive changes took place at the surface of the zinc, but the 
nature of the modifications thus suggested was left an open 
question. 

It is sometimes assumed that equations of the type here 
indicated necessarily refer to unimolecular changes. But in 
certain cases reactions are met with which, though really poly- 
molecular, behave like unimolecular reactions.° Thus certain 
gaseous reactions take place on the surface of the walls of the 
containing vessel, and the velocity of the reaction is proportional 
to the pressure of the gas. The chemical change then appears as 
a reaction of the first order. A purely surface action may simulate 
the character of a unimolecular reaction. 

Anthracene shows photo-electric activity of nearly the same 
amount as that shown by zinc, and the activity decays with the 
time. The fatigue has been studied by A. Pochettino,® who finds 


1H. S. Allen, Ann. d. Physik, 32, p. 1111, 1910; Phil. Mag., 20, pp. 568-569, 
IQIO. 

2 Buisson, Annal. Chim. Phys., 24, pp. 320-398, Igol. 

°>Schweidler, Akad. Wiss. Wien. Sitz. Ber., 112, Ila, pp. 974-984, 1903. 

4H. S. Allen, Proc. Roy. Soc., A, 78, pp. 483-493, 1907; 82, pp. 161-164, Ig09. 

*H. M. Dawson, Nature, '71, p. 532, April 5, 1905. 

6A. Pochettino, Atti dei Lincei (5), 15, pp. 171, 355-363, 1900. 
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that it can be represented by an exponential curve. The decay 
is observed only when the layer of anthracene exceeds a certain 
thickness (‘o2 mm.), The original activity of anthracene which 
has completely lost its photo-electric properties can be restored, 
not only by leaving the material in darkness, but by exposing it 
for a few minutes to the radiation of radium. This case differs 
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from that of the metals we are at present considering in the 
fact that the solid anthracene is a good insulator, so that the 
accumulation of surface charges probably accounts for the fatigue 
observed. 

There does not appear to have been much new work done on 
fatigue in gases within recent years, attention having been focussed 
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on photo-electric activity ina vacuum. It might be of interest to 
investigate the subject afresh, starting with a surface carefully 
prepared in vacuo by modern methods. 


CONCLUSIONS. 


Reviewing the evidence brought forward as to the character of 
the change in the photo-electric fatigue of metal plates in gases, 
we see that certain of the theories proposed are ruled out as in- 
applicable. That the primary cause of fatigue is not oxidation is 
proved by the measurements of Hallwachs on the photo-electric 
activity of copper and its oxides, and by the results obtained in 
an atmosphere of hydrogen. Since fatigue is not directly due te 
the light, and since it depends on the size of the containing vessel, 
it cannot be due to a physical change of the metal itself or a dis- 
integration of the metal. Again, the theory that fatigue is due 
to the formation of an electrical double layer is not in accordance 
with the experimental facts; contact difference of potential and 
photo-electric fatigue do not stand to one another in the relation 
of cause to effect, in fact they sometimes vary in opposite directions, 
and a large change in the potential difference is often accompanied 
by only a small change in the photo-electric activity. We must, 
then, conclude with Hallwachs that the main cause of photo- 
electric fatigue is to be found in the condition of the gaseous layer 
at the surface of the plate. This does not exclude the existence 
of secondary causes of fatigue in particular cases. 

In the case of metals, such as copper, ozone plays a most 
important part in producing the rapid fatigue found in a large 
chamber. We must therefore inquire in what way the ozone 
affects the emission of electrons. Experiment has shown that this 
action is not due to a special power of absorbing electrons 
possessed by ozone. In all probability it is due to the formation 
of hydrogen peroxide when the ozone comes into contact with the 
metal plate. This substance absorbs ultra-violet light in a remark- 
able degree, and thus the presence of an extremely thin surface 
film is sufficient to account for the rapid diminution in the photo- 
electric activity experimentally observed.} 


‘Hallwachs, Comptes Rendus du Congrés International de Radiologie et 
@' Electricité, Brussels, p. 642, 1910. 
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This explanation of photo-electric fatigue is in agreement with 
the facts observed in connection with changes in the contact 
difference of potential,’ and with the production of an image ona 
photographic plate in the dark, when a metal plate is placed near 
to but not in contact with the sensitive film. It is capable also 
of explaining the results observed by Crowther,’ who found that 
exposure to the a, 8, and y rays of radium produces a marked 
diminution in the photo-electric activity of a copper plate, while 
exposure to the @ and y rays only, produces much smaller 
fatigue. 


PHOTO-ELECTRIC FATIGUE IN A VACUUM. 


If one reflects on the difficulties attaching to the preparation 
of a perfectly clean surface in a very high vacuum, it can occasion 
little surprise to find that the early experimenters reached contra- 
dictory conclusions as to the existence of photo-electric fatigue in 
a vacuum. Within the last decade very great improvements have 
been made in the methods of producing high vacua, and it is now 
clearly recognised that the removal of adsorbed surface films from 
solids and the elimination of occluded gases from metals can only 
be effected by drastic treatment. These facts must be borne in 
mind in reading the following pages. 

In the experiments of Lenard? the photo-electric current was 
measured in a high vacuum. An aluminium plate was freshly 
polished and immediately placed in the apparatus to be evacuated. 
The observations began when the pump had nearly reached the 
limit of its powers, about one hour after polishing the plate. The 
photo-electric activity at first showed a diminution lasting for 
about three-quarters of an hour—that is, about as long as the 
pump removed bubbles of gas from the apparatus. After that 
the activity remained unaltered over a period of ten days. 

In the case of a surface of lampblack, fatigue was observed 
even in a good vacuum. Freshly deposited surfaces were always 
most active; in the course of the first day there took place 
rapid, and later on slow decay of the activity; even after a stay 
of months in a vacuum the surface did not show a constant 

1H. Beil, Ann. d. Physik, 31, pp. 869-870, Igro. 


2Crowther, Camb. Phil. Soc. Proc., 14, pp. 340-350, 1907. 
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activity. Ina long period a decay of the activity to about 1/7 
was observed. If air was admitted to atmospheric pressure and 
the vessel again exhausted, the activity showed an increased 
value. According to Lenard this points to the formation of a 
electrical double layer on the surface. At the end of a long 
series of experiments a picture of the gauze was found on the 
lampblack surface, the meshes appearing lighter and the wires 
shaded darker. This suggests that in the carbon itself there 
is some alteration brought about by the light when an intense 
source is employed (see p. 5). 

In the experiments of Ladenburg! fatigue was observed with 
metal surfaces in a highly exhausted vessel. The plates were 
polished with emery and oi], Aluminium proved an exception 
to the other metals examined, as no fatigue could be detected 
in this case, The fatigue was specially marked with a silver 
electrode,’ but less prominent with platinum and copper. There 
appeared to be an alteration in the surface of these electrodes, as 
a peculiar veil was seen, from which it was concluded that the 
surface had been corroded by the action of the ultra-violet light. 
Electrolytically deposited surfaces of gold and nickel showed 
strong fatigue. 

Several investigators have examined the behaviour of the 
alkali metals either in hydrogen at a low pressure or in a good 
vacuum. Elster and Geitel®? have used their potassium and 
sodium cells for photometric determinations, a proceeding which 
would have been impossible had not the activity been inde- 
pendent of previous illumination. Harms* has employed a 
rubidium cell in a similar way. E. v. Schweidler,’ who carried 
out a series of experiments with a potassium cell, using an Auer 
burner as the source of light, states that no fatigue effects were 
observed after passing a photo-electric current through the cell for 
several hours. The passage of a glow discharge under a potential 
difference of 350 volts did, however, produce a diminution of 

1K, Ladenburg, Ann. d. Physik, 12, pp. 568-570, 1903. 

2It is curious that Allen found no fatigue with a plate of pure silver when tested 
in a closed vessel in air or in hydrogen at atmospheric pressure. 

3 Elster and Geitel, Wied. Ann. d. Physik, 48, p. 627, 1893. 


4Harms, Phys. Zeitschr., 7, p. 496, 1906. 
5, v. Schweidler, zbid., 4, p. 136, 1902. 
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photo-electric activity, possibly by changing the gas pressure in the 
cell, possibly by producing an alteration of the surface of the 
metal.! 

Experiments to test the existence of fatigue in the case of the 
alkali metals have been carried out by K. Bergwitz.? The metals 
examined were potassium, sodium, and rubidium in glass vessels 
containing hydrogen at a pressure of 0°33 mm. No fatigue was 
observed when the metals were exposed to the light of a Nernst 
lamp or of an arc lamp at a distance of 1 metre, the heat rays 
being removed by filtering the light through cold water. The 
same result was obtained with the liquid alloy of potassium and 
sodium ; in this case the surface can be renewed in a vacuum. 

Slow photo-electric fatigue has been observed in the case 
of the alkali metals by H. Dember.? Two cells were prepared 
containing sodium in an atmosphere of carefully purified hydrogen. 
The first cell showed a diminution in activity by 7°6 per cent. 
after 30 days, and of 25-7 per cent. after 87 days. The second 
cell showed a diminution in activity of only 11°6 per cent. after 87 
days. In these experiments the cells were only exposed to light 
when the test was made. An exposure of 14 hours to the light 
of a quartz mercury vapour lamp caused no measurable fatigue. 
This result was also obtained with Na-K alloy in a cell provided 
with a quartz window. | These results are taken as confirming the 
conclusions of Hallwachs that light is not the active agent, and 
that oxidation and corrosion are not responsible for the fatigue. 
The presence of ozone is here out of the question, but the fatigue 
may be due to absorption of the hydrogen. The fatigue might 
then be attributed to an alteration in the gas pressure, since there 
is a critical pressure for which the current is a maximum. 

In their experiments on the influence of temperature upon 
photo-electric effects in a high vacuum Millikan and Winchester * 
found no evidence of fatigue effects in the case of either aluminium 
or silver. After 16 minutes’ continuous exposure to ultra-violet 
light, the rate of discharge was practicilly unaltered. They 


1Compare a similar observation by Elster and Geitel, Wied. Ann. d. Physik, 
52, p- 439, 1804. 

2 Bergwitz, Phys. Zeitschr., 8, p. 373, 1907. 

3 Dember, ibid., 9, pp. 180-190, 1908. 

4 Millikan and Winchester, Phil. Mag., 14, pp. 188-217, 1907. 
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conclude that “clean unpolished metals exhibit in a vacuum, 
under the influence of a given source, perfectly definite and 
constant discharge rates.” They note, however, that ifa particular 
disk! were illuminated continuously for three or four minutes, 
and a reading taken immediately thereafter, or if a large number 
of readings were taken in rapid succession, the results became 
irregular. This is attributed to a charging of the inner wall of 
the glass tube, because of the passage of some of the discharged 
electrons through the meshes of the wire gauze used to prevent 
electrostatic disturbances. 

Attention must be drawn to the fact that the metals for these 
experiments were all polished on a wheel with dry emery, then 
washed in alcohol and dried by heating to 4oo° C. during 
exhaustion of the bulb. The vacuum was produced by a mercury 
pump of special design, and a McLeod gauge registered -oooo! 
mm. of mercury or less.” 

Later experiments* were made upon silver, zinc, iron, nickel, 
and copper in a very high vacuum. In no case was any positive 
evidence of photo-electric fatigue obtained. Continuous illumina- 
tion by a powerful arc produced an zucrease in the photo-electric 
current to a maximum value, which remained constant even under 
the most prolonged illumination. In other experiments* in 
which mercury vapour was excluded from the tube the values in 
the table on the opposite page were obtained for the current before 
and after illumination lasting from ten to seventeen hours. 

The initial velocities were also increased by the illumination. 

Interesting results have been obtained with regard to the 
fatigue of zinc and aluminium by J. Robinson.® The electrodes 
were polished by rubbing with steel, and inserted in a glass vessel 

1Silver, iron, gold, brass, copper, nickel, magnesium, aluminium, antimony, zinc, 
lead were the metals employed. 

* According to the experiments of F. S. Spiers (Phil. Mag., 49, p. 70, 1900), it is 
useless to attempt to drive off the last remnants of air from metal plates by merely 
heating them in a vacuum. ‘Even in a high vacuum of pure dry hydrogen at the 
minute pressure of +5$99 mm. of mercury, and after four washings in that gas, there is 
still sufficient oxygen present to'completely oxidise the surface of an aluminium plate, 
if it only be brought to a sufficiently high temperature.”’ 

* Millikan and Winchester, Phys. Rev., 29, p. 85, 1909; Millikan, ibid., 30, 
p. 287, Igro. 


4 Millikan and Wright, zbid., 34, p. 68, 1912. 
5 J. Robinson, Phil. Mag., 23, pp. 255-261, 1912. 
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Current. 
Metal. 

Before. After. 
INS : : a % j 1°88 Foo, 
Be. 9 : : - ; 5°42 8°14 
Sash c A 5 ( 3°09 5°50 
Cu : A 5 : 172 2°77 
Zn. : - 5 ; . 0°37 3°46 
Au. 4 : 3 ‘ : 0°28 1°85 


which was pumped out to a high vacuum as quickly as possible. 
The experiments extended over some weeks, during which time 
the vacuum was constantly maintained. The plates were tested 
both by measuring the rate at which they charged up positively 
and by measuring the photo-electric current. Both metals 
showed fatigue after exposure to ultra-violet light; by keeping 
the plates in darkness the original activity was regained after a 
few minutes. The important result was found that if the metal 
is kept at a positive potential so as to prevent the emission of 
electrons, no fatigue takes place; the metal is fatigued only when. 
it gives off electrons. Robinson explains this by supposing that 
the electrons starting from some depth below the surface bring 
molecules of occluded gas to the surface. The surface film of gas 
hinders the emission of slow-moving electrons. When the plate 
is charged positively, there is no stream of electrons and no 
accumulation of gas. Recovery is due to the diffusion of the gas 
away from the surface of the metal. 

K. T. Compton? has investigated the effect of photo-electric 
fatigue on the form of the velocity distribution curve. Metal 
plates were polished with chalk dust and afterwards tested in 
a vacuum. He believes that the shift of the curves with time 
(when the metal plates have received no abnormal treatment, such 
as making them the electrodes for an induction-coil discharge) can 
be accounted for by the time changes in the contact difference of 
potential between the emitting and receiving plates. Commenting 
on these results, Hallwachs? points out that when the velocity 
distribution curves are properly corrected in the manner proposed. 


1K. T. Compton, Phil. Mag., 23, pp. 579-593, 1912. 
2 Hallwachs, Deutsch. Phys. Gesell. Verh., 14, pp. 638-642, 1912. 
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by Compton, the curves obtained after 1, 7, 21, and 31 hours fall 
upon one another. Although the aluminium plate under test is 
fatigued so as to show only one-third of its initial activity, yet 
the distribution of the initial energy amongst the electrons remains 
the same; in other words, the initial velocities are independent of 
the fatigue. This proves that alterations in double layers cannot 
be, as suggested by Lenard, a primary cause of fatigue, for the 
effect of such double layers would be to give smaller initial 
velocities with the fatigued plates. 

Since the publication of the first edition of this monograph an 
important investigation of the influence of occluded gases on the 
photo-electric effect has been carried out by Piersol,! who, after 
reviewing the results of earlier workers, concludes from his own 
experiments that the method of heating metallic strips electrically 
in vacuo presents an efficient method of cleaning the surface of a 
metal, at least in the case of metals of high fusion point. By 
repeated heating, the occluded gases may be driven off to such an 
extent that all abnormal effects disappear, and a photo-electric 
effect remains, which is due entirely to an intrinsic property of the 
metal. The abnormal effects are due to the emission rather than 
the absorption of occluded gases. The influence of surface films, 
probably of gas, was met with in the experiments of Millikan and 
of Hennings and Kadesch,? and the changes observed were 
attributed to a gradual increase in the thickness of the film. 

Hagenow ® studied the photo-electric effect of tungsten at the 
lowest attainable pressure (3°5 x I0~’mm,. of mercury), and 
found increased current after the plate was denuded of its occluded 
gases. 

Ives* found that the wave-length sensibility curve for a cell 
containing potassium coloured through the formation of a hydride 
or a colloidal modification suffers a continuous change with time. 
This is true even when helium is the gas in the cell. 

Experiments to detect fatigue effects in photo-electric cells 
containing K and KH have been carried out by Seiler. After an 

1 Piersol, Phys. Rev., 8, pp. 238-247, 1916. 
? Hennings and Kadesch, ibid., pp. 209-220, 1916, 
3 Hagenow, ibid., 13, pp. 415-433, IgIg. 


SIves, Astrophys. Fourn., 46, p. 241, 1917. 
5 Seiler, ibid., 52, p. 144, 1920. 
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exposure of 525 hours to strong light the K cell had zucreased 
in sensitiveness by quite a large amount. The galvanometer 
deflection gradually increased from 176 mm. upto 300mm. The 
KH cell showed an exceptional constancy. During an exposure 
of 1000 hours slight fluctuations occurred, but the initial deflection 
of 194 mm. was only 3 mm. larger than the final deflection, show- 
ing that fatigue is negligible. In these experiments the voltage 
was applied continuously so that a current flowed constantly 
through the cells. When the voltage was zot maintained, 
both cells showed an zucrease in sensitiveness on exposure to 
light. 

In the neighbourhood of the discharge potential, alkali metal 
cells filled with rare gases exhibit fatigue phenomena of a some- 
what complicated character. This is attributed by Rosenberg! 
to absorption of a positively charged layer of gas at the metal 
surface. 

It is claimed that the gas-free cells of the General Electric 
Company show neither time-lag nor fatigue. These cells contain 
a thin layer of either sodium, potassium, or rubidium, which has 
not been treated by the Elster-Geitel method. 

To sum up the results of these investigations is not easy, since 
many of the results are contradictory. There is, however, con- 
siderable evidence to show that for the alkali metals there is no 
true fatigue. Many of the experiments on these metals have been 
made not in a high vacuum, but at a pressure somewhere near the 
critical pressure, and it is probable that the changes in activity 
actually observed are to be attributed to changes in the pressure. 
The recent experiments of Richardson and Young (page 180) 
point to the existence of at least two distinct physical modifica- 
tions of sodium and potassium, and if the surface is composed of 
patches, changes may take place in the relative amounts of the 
two forms. In the case of the other metals examined, it seems 
probable that in the case of a perfectly clean metal surface in a 
very high vacuum no fatigue would take place. To explain the 
fatigue observed by some investigators, we must take into account 
the mode of preparation of the surface, the difficulty of removing 


1 Rosenberg, Zeitschy. f. Physik, 7, pp. 18-64, 1921. 
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surface films or gases occluded in the metal, and the possibility of 
changes in the gas pressure. 
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CHAPTER XIII. 


FLUORESCENCE AND PHOSPHORESCENCE. 


AN intimate relation exists between photo-electricity—that is, 
the separation of electrons under the influence of light—and 
the emission of light in fluorescence and phosphorescence. 
Although considerable progress has been made in the develop- 
ment of the theory of such emission in terms of the electron 
theory, much work remains to be done before all the steps 
of the process are fully understood. In the present chapter 
we propose to indicate the bearing of the facts of photo-electricity 
already recounted on our conception of fluorescent and phos- 
phorescent phenomena. 

The term luminescence, proposed by Wiedemann, is a con- 
venient one to include all cases in which there is an emission 
of light due to any stimulus other than heat. Different kinds 
of luminescence can be recognised, and may be classified ac- 
cording to the nature of the stimulus. Thus we may distinguish 
between electro-luminescence, due to such agencies as kathode 
rays, Rontgen rays, Becquerel rays, or canal rays; ¢tribo-lumines- 
cence, due to friction or crushing; chemt-luminescence, due to 
chemical action; and photo-luminescence, due to the action of 
light. 

In the various cases included under the heading electro- 
luminescence we can see at once that the excitation must be 
closely connected with the displacement or separation of electrons 
from the atoms of the substance. In tribo-luminescence again, 
if we bear in mind the facts of frictional electricity, we see that 
such displacement or separation of electrons must take place. 
In chemi-luminescence we may attribute the action to the rupture 
of a chemical bond (displacement of a valency electron). So, 
when we come to consider the cases included under photo-lumi- 


nescence, it is natural to suppose that the separation, either 
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partial or complete, of electrons from the atom is an important 
stage in the process by which the emission of light is brought 
about. This. is, briefly, the view of photo-luminescence which 
it will be our object to develop. 

Luminescence which is observed during the time the stimulus 
acts is called fluorescence,! but when the luminescence continues 
after the cessation of the stimulus it is called phosphorescence.? 
It is scarcely possible to draw a hard-and-fast line between the 
two cases. Speaking generally, we may say that liquids and 
vapours may be fluorescent, but are not found to be phosphor- 
escent, while all solids which show luminescence are phosphor- 
escent. Without entering into a detailed description of the 
phenomena,’? we may first briefly summarise the principal ex- 
perimental results. ; 

Probably the first recorded observation of fluorescence is 
that described in the fifth volume of the works of Boyle: “If 
you make an infusion of Lignum nephriticum in spring water, 
it will appear of a deep colour like that of oranges when you 
place the vial between the window and your eye, and of a fine 
deep blue when you look on it with your eye placed between 
it and the window.” Lignum nephriticum is the wood of a 
small Mexican tree or shrub. Sir David Brewster * observed the 
blood-red fluorescence produced by passing a beam of sunlight 
into an alcoholic solution of chlorophyll, and Sir John Herschel ® 
noticed the “‘ beautiful celestial blue colour” shown by a solution 
of quinine “under certain incidences of the light.” He remarked 
that the incident light lost the power of producing this effect 
after passing through a small thickness of the solution. 

Sir George Stokes, who suggested the term fluorescence, 
made the first important investigation of these phenomena and 
introduced new methods of experimenting. By moving the 


1 Certain specimens of fluorspay (calcium fluoride) glow brightly when irradiated 
by ultra-violet light, 

*The phenomenon was first observed in barium sulphide, which was popularly 
known as Bolognese phosphorus. 

® For such a description the reader may be referred to Kayser, Handbuch der 
Spectroscopie, 4, 1908, 

4 Brewster, Tvans. Roy. Soc. Edin., part 2, p. 3, 1846. 

5 Herschel, Phil, Tvans., p. 143, 1845. 
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substance under examination through the spectrum, he found 
that the ultra-violet rays were in many cases specially active in 
causing luminescence. In the case of the solution of sulphate 
of quinine ‘‘it was certainly a curious sight to see the tube 
instantaneously lighted up when plunged into the invisible rays; 
it was literally darkness visible.” By using Newton’s method of 
crossed prisms he was able to compare the refrangibility of the 
incident light with that of the light emitted, and he enunciated 
the law that the wave-length of the fluorescent radiation is always 
longer than that of the radiation which excites the fluorescence. 
This law was called in question by Lommel. Investigations by 
a number of physicists have shown that as thus stated it is not 
universally true, and requires modification if it is to include all 
the cases observed. The law of Stokes*has been qualified by 
Nichols! in the following way: “Luminescence is due to an 
absorption band. The absorption band and the luminescence 
spectrum overlap, and all waves included in the absorption band 
can produce excitation. . . . In luminescent bodies the maximum 
of intensity for a given substance is fixed as to wave-length 
and is independent of the intensity of excitation and of the 
character of the stimulus.” 

Fluorescence is shown by many organic liquids—the charac- 
teristic “bloom” of mineral oils is due to this cause—and by 
many solutions of organic salts. In the latter case the extremely 
small quantity of substance required is sometimes very remarkable. 
The amount of fluorescein or eosin in solution in optically trans- 
parent water when the fluorescence becomes invisible in daylight 
is 10-® gm. per c.c., and is only 1o—” gm. per c.c. when the 
fluorescence is just visible at the apex of a concentrated beam 
from an arc lamp.” All aromatic compounds are said to fluoresce 
to some extent. The different nuclei (benzene, naphthalene, etc.) 
vary in their power of producing fluorescence. Some groups or 
“chromophores” (— NH,, - OH, - COOH) increase the fluores- 
cence, others (- NO,, -Cl, -Br, C,H;. CO-, CH;.CO-) 
diminish it.’ 

1 Nichols and Merritt, Phys. Rev., 19, p. 409, 1904. 
2W. Spring, Bull. Acad. Roy. Belg., pp. 201-211, 1905. 


3 Francesconi and Bargellini, Accad. Lincei, Atti, 15, pp. 184-191, 1906. 
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Phosphorescence—luminescence which continues for a cer- 
tain period after the stimulus has ceased to act—is found in a 
large number of solids, It is supposed to occur only ina sold 
solution. Pure bodies are commonly regarded as incapable of 
showing phosphorescence, though, as in the phosphorescent 
preparations made by H. Jackson,’ the amount of impurity may 
be far too small to be detected by the ordinary methods of 
chemical analysis.2 In a binary system the brightness and 
position in the spectrum of a phosphorescent band depend on 
the relative proportions of the two substances, the greatest effect 
corresponding to a relatively small proportion of the substances 
producing phosphorescence. The sulphides of calcium, strontium, 
and barium are noteworthy amongst phosphorescent substances, 
Balmain’s luminous paint being composed of these sulphides. 
Dewar?* found that many bodies which show only feeble traces 
of phosphorescence at ordinary temperatures show a very marked 
effect at the temperature of liquid air. When the duration of 
the phosphorescence is short it may be measured by means of 
the phosphoroscope of Becquerel* or that of Lenard.° 

The spectrum of the fluorescent or phosphorescent light has 
been examined by very many observers. In general a banded 
spectrum is obtained, each band showing a maximum of intensity 
at a definite point in the spectrum. According to Lenard the 
bands of phosphorescence are of a very complex structure, which 
suggests that we have really to deal with a number of overlapping 
bands. 

Very remarkable results have been obtained by R. W. Wood ° 
from a study of the fluorescence of the vapour of sodium and of 
other substances. In such cases a line spectrum of a complicated 
character is observed. There appear to be groups of lines in 
the spectrum of the fluorescent light, which can only be excited 


1H. Jackson, Phil. Mag., 46, 402, 1808. 

2L, Bruninghaus, Annal. Chim. Phys., 20, pp. 519-546; 21, pp. 210-283, Igro. 

3 Dewar, Proc. Roy. Inst., 14, p. 665, 1895. 

4E. Becquerel, La lumiére, sa cause et ses effets, p. 249, Paris, 1867; R. W. Wood, 
Physical Optics, p. 565. For Wiedemann’s improvements see Ann. d. Physik, 34, 
p- 446, 1888. 

5 Lenard, Ann. d. Physik, 46, p. 637, 1892. 

§R. W. Wood, Phil, Mag., 10, p. 251, 1905; Phys. Zeitschr., 10, pp. 425, 466, 
1909; Physical Optics, Chapter XX, rgrr. 
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by radiation of a definite wave-length. Strutt! found that the 
excitation of sodium vapour by the second line of the principal 
series gave rise to the emission of the line A 3303 and the D line. 
A sodium-vapour arc in quartz was employed in this investigation. 
An examination of mercury vapour by W. Steubing? showed that 
absorption of light by the ultra-violet bands of short wave-length 
resulted in emission of fluorescent light by the series lines X 2536 
and > 23406. 

At extremely low temperatures the spectrum of phosphor- 
escent light consists of very fine lines instead of broad bands. 
The uranyl salts show luminescence spectra that at ordinary 
temperatures consist of a group of several bands, the arrangement 
of which suggests the banded spectra of gases. These have been 
examined at low temperatures by H. and J. Becquerel and Onnes. 
If a curve is plotted showing the relation of the intensity to the 
wave-length of the light, not only each component band, but the 
envelope of the group of bands, is found to be of the same type 
as the curve of distribution of energy in ordinary fluorescence 
bands. Further, these curves resemble, though with very different 
scales of wave-length, the energy curve of the temperature 
radiation of a black body. 


THEORIES OF FLUORESCENCE ‘AND PHOSPHORESCENCE. 


All attempts to formulate a theory of fluorescence or phos- 
phorescence must be based on the work of Stokes, who first 
clearly recognised that in fluorescence there was a transformation 
of the incident radiation into radiation of a different refrangibility. 
In his lectures On Light (Second Course, p. 150) he writes: 
“The view which I have all along maintained is that the incident 
vibrations caused an agitation among the ultimate molecules of 
the body, and that these acted as centres of disturbance to the 
surrounding ether, the disturbance lasting for a time which, 
whether it was long enough to be rendered sensible in obser- 
vation or not, was at any rate very long compared with the time 
of a single luminous vibration.” 

A satisfactory theory of photo-luminescence must distinguish 


1R, J. Strutt, Proc. Roy. Soc., 96, p. 272, Igig. 
2 W. Steubing, Phys. Zeitschr., 10, p. 787, 1909. 
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between absorbing media which exhibit luminescence and those 
which do not; secondly, it must give an explanation of the law 
of Stokes; and thirdly, it must account for phosphorescence in 
solid substances with its peculiar temperature relations. These 
requirements cannot be met by a theory of simple resonance. 

The most serious attempt to explain fluorescence as a re- 
sonance phenomenon was that made by Lommel.' He assumed 
that the atoms of the illuminated substance which were set in 
vibration by the incident light were subject to damping through 
friction proportional to their velocity, and were under the action 
of a restoring force proportional to the square of their displace- 
ment. In consequence the free and forced vibrations must be 
accompanied by the overtones.” Absorption of energy may take 
place through resonance, either in the case of the fundamental 
vibration or in the case of an overtone. The vibrations set up 
by resonance immediately give rise to the emission of fluorescent 
light. Now, in order that the kinetic energy of a vibrating 
system should be a maximum through resonance, the frequency 
of the impressed force must be equal to that natural to the system 
if friction were absent (Eigenfrequenz)—that is, it must be greater 
than that natural to the system with friction? Thus, if we 
suppose that the fluorescent light is emitted by the system when 
vibrating with its natural period, we see that the frequency of 
the exciting light is greater than that of the fluorescent light. 
This is the law of Stokes. The theory, however, would point 
to all absorption being accompanied by fluorescence, and the 
damping coefficients required are not in harmony with experi- 
ment. It is now generally agreed that the difficulties to be faced 
by such a theory are insuperable, both from the theoretical and 
from the experimental side. 

The difficulties met with in regard to Lommel’s theory prove 
that the supposition of resonance is not by itself sufficient to 
explain fluorescence; it is therefore necessary to make further 
hypotheses to aid in the explanation. Wiedemann * introduced 


1 Kayser, Handbuch der Spectroscopie, 4, pp. 1078-1088, 1908. 

? Rayleigh, Theory of Sound, 1, pp. 76-77, 1894. 

’ Barton, Textbook of Sound, Chapter 1V; J. P. Dalton, Nature, 89, p. 528, 1912. 
4 Wiedemann, Ann. d. Physik, 37, p. 177, 1889. 
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the hypothesis, developed subsequently by Wiedemann and 
Schmidt,’ that the fluorescing molecule can exist in several 
conditions. Thus under the influence of the absorbed light a 
transformation may take place from a state A to a state B. 
Fluorescence may occur either in the transformation from A to 
B, or in the retransformation from B to A. The transformation 
in question may be either a chemical change in the usual sense, 
or a change within the molecule, or an ionisation which may 
result in an action between the ions and the surrounding medium. 
Expressed in this way the theory is very general in character, 
and will be found to include many suggestions put forward by 
others (Kauffmann, Baly, Hewitt, Armstrong). It has been 
supported by Nichols and Merritt,? who hold that excitation 
produces electrolytic dissociation of the active substance, and 
that the resulting luminescence arises from vibrations set up 
in the processes of dissociation or association of the ions. 

The theory of Voigt presents some points of resemblance to 
that of Wiedemann and Schmidt. He supposes that the mole- 
cules of a fluorescent body resemble to a certain extent the 
molecules of a partially dissociated gas, in that they can exist 
in two or more distinct conditions, differing in their electron 
configuration. Taking two conditions, A and B, it is assumed 
that in unit time the change from A to B takes place as often 
as the change from B to A. The period corresponding to A 
is I,4, that corresponding to B is Tg. If light of period Ty, is 
incident, A is set in vibration with that period. But A suddenly 
changes to B. Free vibrations of this system then take place 
with period Tg, and these vibrations are supposed to be damped. 
Voigt assumes that the state B with the longer period experiences 
very much smaller damping than A. In this case the absorption 
of B will be small compared with that of A, and, on the other 
hand, the emission of A will be small compared with that of B, 
In this way he avoids the difficulties of having to deal with two 
absorption bands and two fluorescence bands. 

As Kayser has pointed out, all these theories rest on the 
same supposition that on excitation a stable form is changed 


1 Wiedemann and Schmidt, Ann. d. Physik, 56, p. 246, 1895. 
2 Nichols and Merritt, Phys. Rev., 27, pp. 367-399, 1908. 


214 PHOTO-ELECTRICIT Y 


by the reception of energy into a labile form. The retrans- 
formation into the stable form takes place with an emission of 
energy in the form of light, but against a resistance of which the 
magnitude is a function of the temperature. The various theories 
differ only in that they assume a transformation into isomeric 
modifications or other molecular complexes, or into ions, or 
finally into ions or electrons, and in that they regard the re- 
sistance as mechanical or electrical in nature. From the stand- 
point of this book we are concerned with the expression of these 
theories in terms of electrical actions. 

Further progress in the study of luminescence is closely 
associated with the development of our knowledge of the general 
problem of the emission of radiation, and the description of the 
processes of such emission in terms of the electron theory. 

According to the view developed by J. J. Thomson,! luminosity 
in a vacuum tube discharge accompanies ionisation, and the 
ionisation may be due to the internal energy of the atom rising 
to such a value that the equilibrium becomes unstable and a kind 
of explosion occurs, resulting in an expulsion of corpuscles. The 
passage from the dark to the luminous discharge takes place very 
abruptly, and this suggests that the luminosity sets in when that 
part of the internal energy of the atom which gives rise to the 
particular kind of light present attains a perfectly definite value. 
The critical amount of energy is dependent upon the character of 
the light emitted. 

Kowalski” has based on this a theory of luminescence. He 
considers that every phosphorescent body contains two distinct 
systems of electron groupings—‘ electronogens” and “lumeno- 
phors.” The former expel electrons under the action of the 
stimulus. In fluorescence the latter shine out oxly while the 
electrons from the former are traversing them. Phosphorescent 
bodies gradually radiate out energy till the energy of the lumeno- 
phors is reduced below the critical value necessary for the 
production of light. 

This theory certainly contains elements of truth, and, as 

lJ. J. Thomson, Nature, 73, pp. 495-499, 1906. 

? Kowalski, Phil. Mag., 13, p. 622, 1907; Acad. Sci. Cracovie, Bull., 8, pp. 649- 


764, 19c8. A lengthy series of papers by the same author has appeared in C. R. Acad. 
Sci. and Arch. Sci. Phys. Nat. 
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developed by Kowalski in his later papers, furnishes an explanation 
of many of the observed facts. Electronogens and lumenophors 
may be present in the same molecule, as in the lumenophor 
and fluorogen groups assumed by Kauffman in organic compounds. 
The quantum theory may be applied both to the emission of 
electrons by the electronogens and to the emission of light by the 
lumenophors, and the law of Stokes and also the exceptions to that 
law may be explained in a satisfactory manner.} 

A clear description of the processes involved in luminescence 
has been given by Stark, and by Lenard for phosphorescence. 
These theories we proceed to consider in greater detail. 


STARK’S THEORY OF LUMINESCENCE.? 


According to Stark’s view there exists at the surface of the 
atom a limited number of separable electrons which play the part 
of valency electrons—that is, they serve to bind together the 
chemical atoms in a molecule by the electrical forces exerted. A 
valency electron may be completely separated from its atom and 
become attached to a second atom. The first atom in this way 
assumes a positive, the second a negative charge, and we thus 
obtain a positive and a negative atom-ion. Stark supposes that 
band spectra are characteristic of the valency electrons, and that the 
carrier of a band spectrum is a ‘single atom or a molecule com- 
posed of several atoms.* The vibrations may be excited by the 
recombination of positive atom-ions with negative electrons. The 
consequences deduced from this hypothesis as to the carrier of 
the band spectrum are found to be in good agreement with the 
results of observation. 

Stark supposes that the carriers in the case of the series or 
line spectrum are single atoms which have lost one or more 
valency electrons. One consequence of this hypothesis is that 
the series lines in the canal rays must show a Doppler effect. 
Although the interpretation of observations on canal rays is 
rendered difficult by the complex character which J. J. Thomson 


1 Kowalski, Radium, 7, pp. 56-58, 1910; Acad. Sci. Cracovie, I, pp. 12-16, 
IgIo, 

2J. Stark, Prinzipien der Atomdynamik, II, pp. 213-227, 1gII. 

3 It is now generally admitted that the carrier of a band spectrum is a molecule. 
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has shown these rays to possess, Stark holds that his hypothesis 
is supported by the experimental results. 

Seeing that no satisfactory explanation of the production of a 
fluorescent line spectrum has yet been given, it does not appear 
necessary to consider this part of Stark’s theory in greater detail. 
We pass on to the consideration of his theory of a luminescent 
band spectrum. Emission in band spectra is supposed to occur 
when valency electrons which have been partially or totally 
separated are restored to the atom. The process by which the 
separation has taken place is immaterial, so far as the character 
of the emission is concerned. But, according to Stark, the valency 
electrons may be identified with the photo-electric electrons, so 
that one process by which separation of valency electrons may be 
brought about is the photo-electric action of Hertz and Hallwachs. 
Fluorescence or phosphorescence in band spectra is that emission 
of light which accompanies the restoration of valency electrons in 
this case. 

The difference between fluorescence and phosphorescence is 
not fundamental, it depends only on the time during which 
the separation of the electron continues. While in the case of 
fluorescence restoration follows immediately upon separation, in 
the case of phosphorescence a finite time elapses between the 
separation of a valency electron and its return, this interval of 
time differing for different electrons in the phosphorescent material. 
Though fluorescence is generally accompanied by the photo-electric 
effect, this is not essential, as the separation of the electron may 
be only partial. On the other hand, phosphorescence implies 
complete separation—that is, photo-electric emission. The 
duration of fluorescence is practically identical with the period of 
excitation on account of the small mass and correspondingly great 
reaction velocity of the electrons. 

Stark and Steubing* have studied a large number of organic 
compounds from the point of view of this theory. In Table I of 
their paper they gave a list of 37 benzene derivatives (without 
chromophores) showing the character of the fluorescence and the 
photo-electric activity. Those which fluoresce are photo-electric- 


1 Stark and Steubing, Phys. Zeitschr., 9, pp. 481-495, 661-669, 1908. 
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ally active, though in a few cases the photo-electric effect could 
not be measured in consequence of the vapour given off from the 
volatile liquid. In general the photo-electric activity is greater 
the more intense the fluorescence. A case of special interest is 
that of benzene itself, which was known to have strong absorption 
bands in the ultra-violet, and on examination was found to pos- 
sess bands of fluorescence also in the ultra-violet.!_ In Table III 
of the paper by Stark and Steubing similar results are recorded 
for 17 benzene derivatives with chromophores. These all show 
photo-electric activity, but the fluorescence is in some cases 
masked by the presence of the chromophore. This occurs when 
the absorption spectrum of the chromophore coincides with the 
fluorescence spectrum of the benzene derivative. Such a case of 
latent fluorescence is found with anthraquinone. 

The authors point out that G. C. Schmidt? failed to establish 
a relation between fluorescence and photo-electric activity in 
consequence of the fact that many of the substances were tested 
in solution and not in the pure state. Such tests do not prove 
that the substance is photo-electrically inactive, as the separated 
electrons are caught by the molecules of the solvent and are less 
likely to escape into the surrounding space. The photo-electric 
effect becomes latent. 

The theory of Stark affords an explanation of the fact that 
the wave-length of the fluorescent light differs from that of the 
exciting light. Einstein? has given an explanation of the law of 
Stokes from the point of view of the unitary theory of light, which 
applies for this theory. 

If the frequency of the exciting light, the energy of which is 
absorbed by the fluorescent substance, be vg, the energy of the 
elementary carriers is of magnitude zhyq, or, taking z in general 
as unity, dy, If this energy be imparted to the electron, the 
energy available for emission in the process of restoration cannot 
exceed vy, but can only be diminished by division. Hence the 
relation between the frequency, vs, of the fluorescent light and 
that of the exciting light must be of the form /pys<hy,g, so 


1J. Stark, Phys. Zeitschr., 8, pp. 81-85, 1907. 
2G. C. Schmidt, Ann. d. Physik, 64, pp. 708-724, 1898. 
° Einstein, ibid., 17, p. 144, 1905. 
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that vp<vq, OF Ag <A;y. Thus in general the wave-length of the 
exciting light is smaller than that of the fluorescent light. The 
fact that the fluorescent spectrum in some cases shows a small 
intensity for wave-lengths smaller than A, can be explained either 
by supposing that several energy quanta are absorbed by a single 
electron, or that the energy absorbed can be increased by an 
addition from the thermal kinetic energy of the molecules. 

Stark divides the bands in the spectrum of a substance into. 
two classes, which he calls short-wave and long-wave bands. In 
the former, both in absorption and in emission, the intensity 
diminishes in passing from shorter to longer wave-lengths ; in the 
latter, the intensity diminishes in passing in the opposite direction. 
He supposes that the short-wave and the long-wave bands of a 
valency electron are dynamically coupled together in such a way 
that the emission of light with the frequency of a short-wave 
band is necessarily accompanied by a simultaneous emission of 
light with the frequency of a long-wave band. Both fluorescence 
and the photo-electric effect are intimately connected with those 
absorption bands which are shaded towards the red; when light 
is absorbed in such a short-wave band it brings about fluorescence 
both in this and in the coupled long-wave band. On the other 
hand, the absorption of light in a long-wave band which is shaded 
towards the ultra-violet is accompanied neither by fluorescence 
nor by the photo-electric effect. 

From the standpoint of the chemist, who is concerned with 
the relation between the constitution of the molecule and its power 
of fluorescing in a particular region of the spectrum, the practical 
problem reduces to the determination of the relation between 
chemical constitution and the absorption spectrum. 


LENARD’S THEORY OF PHOSPHORESCENCE. 


Lenard and Klatt! prepared and examined more than 800 
“ phosphors” or phosphorescent sulphides, in which a small 
amount of an active metal is in intimate association with a large 
amount of a sulphide of one of the alkaline earth metals. The 
sulphide acts as the solvent in the resulting solid solution. The 


1 Lenard and Klatt, Ann. d. Physik, 15, pp. 425, 525, 633, 1904. 
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materials were calcined at a suitable temperature in the presence 
of a flux such as Na,COsg. 

As the amount of active material is increased the intensity of 
phosphorescence increases rapidly at first, and, after reaching a 
sharply defined maximum, decreases scarcely less rapidly. The 
sulphides studied by Lenard and Klatt usually gave maximum 
brightness with a concentration of o'l per cent. or less. All 
phosphorescent preparations show such an optimum concen- 
tration. 

Experiments on the phosphorescent alkaline earths led 
Lenard and Saeland! to connect the phosphorescence with the 
photo-electric activity of the material. Such substances are 
usually good insulators, and when they emit electrons under the 
influence of light, they acquire a positive charge, which tends to 
neutralise the external field applied witha view to measuring the 
photo-electric current. This charge is not distributed over the 
whole surface exposed to the light, but is localised in particular 
regions. This can be explained by assuming that the photo- 
electric effect is confined to certain molecular groups or “centres.” 
Under the influence of the light, electrons are thrown off from 
the metal atoms of the centres, and these centres thus acquire a 
positive charge. The liberated electrons may be captured by 
the sulphur atoms, or they may be scattered amongst the 
surrounding atoms without becoming attached. The origin of 
the phosphorescence is to be found in the recombination of the 
centres and the electrons, whenever that recombination takes. 
place. To this extent Lenard’s theory resembles that of Stark, 
but Lenard distinguishes between the photo-electric electrons 
and the emission electrons. He holds that when the former 
return to the atom, the latter are brought into a state of vibra- 
tion, and consequently emit radiation. By this theory the 
temperature relations of phosphorescence can be accounted for,’ 
and the law of Stokes can be explained. 

We consider first the variation of phosphorescence with 
temperature. From the study of the phosphorescent sulphides 

1 Lenard and Saeland, Ann. d. Physik, 28, pp. 476-502, 1909. 

2 Nichols and Merritt, however, find a more complicated set of phenomena than 
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Lenard! concludes that for each band in the spectrum of a body 
excited to phosphorescence there is a certain range of tempera- 
ture within which it is phosphorescent, and above and below 
which no phosphorescence of long duration occurs, although 
fluorescence may be present both at higher and lower tempera- 
tures. Within the specified range electrons become attached to 
the sulphur atoms, but from time to time individual electrons 
escape and return to the centres where recombination, followed 
by luminescence, ensues. At very low temperatures, however, 
the sulphides of the alkaline earths are almost perfect insulators, 
consequently phosphorescence cannot ensue until the temperature 
is raised sufficiently for the substance to acquire a certain elec- 
trical conductivity. Thus at the temperature of solid hydrogen 
all the bands of the alkaline earth sulphides are brought into the 
cold phase, and show no lasting phosphoresence, but only a 
momentary luminescence. 

The effect of an increase of temperature is held to be a 
shaking-up of the atoms, so that the frequency of collisions is 
increased and the return of the electrons is facilitated. The 
action of infra-red radiation is supposed by Lenard to be similar 
in character. Red and infra-red radiation set in motion the 
larger aggregates through resonance. These aggregates consist 
of sulphur atoms with the attached electrons; their free period is 
large, so that they respond to long waves. The increase in the 
number of collisions brought about by a rise of temperature or 
the incidence of radiation of long wave-length augments the 
phosphorescence, and at the same time makes the decay of 
phosphorescence more rapid. Thus with an increase of tempera- 
ture the luminescence assumes more nearly the character of 
fluorescence, and when the temperature is sufficiently raised, no 
lasting phosphorescence is observed. On the other hand, sub- 
stances which only fluoresce at ordinary temperatures may be 
made to phosphoresce by a considerable diminution of tempera- 
ture. Thus all alkaloids forming fluorescent solutions become 
phosphorescent at low temperatures. 


1 Lenard and Klatt, Ann. d. Physik, 15, pp. 425, 525, 633, 1904; Lenard, Kamer- 
lingh Onnes, and Pauli, Konink. Akad. Wetensch. Amsterdam, 12, pp. 157-174, 
Tg09g. 
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Lenard’ explains the law of Stokes in the following way. 
When the photo-electric electron returns to the atom it is set 
in vibration with an amplitude that is at first large but afterwards 
diminishes. Now it is generally found that the period of a 
vibration diminishes as the amplitude diminishes. The excita- 
tion of the emission electrons by resonance will only take place 
when the period of vibration of the photo-electron has become 
identical with that of the emission electron. Thus the photo- 
electron can only bring about emission when it has finally a 
smaller period of vibration in the atom than the emission electron. 
This implies that the wave-length of the exciting light, which 
brings about the release of the photo-electron, must be less than 
the wave-length of the phosphorescent light. 

From observations on about 50 phosphorescent aggregates 
made by the addition of a trace of a metallic salt to a sulphide 
of strontium, barium, or calcium, Lenard? was led to distinguish 
between three different processes in the decay of phosphorescence.® 
One is a short or evanescent process (7#-process, Momentanpro- 
zess) which obeys a logarithmic law of decay. This temporary 
effect is observed when the phosphorescent surface is exposed 
only a short time, say a few seconds, to the spectrum. The 
second is a more lasting process (d-process, Dauerprozess), in 
which the intensity of the light varies inversely as (¢ + af#)’, 
where ¢ is the time since excitation. This is obtained by an 
exposure of several minutes to the exciting light. It is also well 
shown after exposure to slow kathode rays. The third process is 
of medium duration, and is brought about principally by the 
action of ultra-violet rays (w-process). The short-lived lumines- 
cence can be produced independently of the longer-lived phos- 
phorescence, not only by very brief excitation, but also by using 
portions of the ultra-violet which are incapable of exciting the 
d-process, or by working at temperatures above or below the 
range within which the latter process can occur. 


1 Lenard, Ann. d. Physik, 31, pp. 675-677, 1910. 

2 Tbid., p. 641, IQIo. 

3 Similar results have been obtained by Tomaschek from mixtures of certain 
organic substances with boric acid. Jbid., 67, pp. 612-648, 1922. 
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The decay of phosphorescence can be represented in many 
cases by means of the formula 
a 


Se (¢ + at)? 


where I denotes the intensity of the light, ¢ the time, and a and 
¢ are constants. Lenard’s theory affords an explanation of this 
relation, which applies to the d-process, in the following way. 
On excitation the photo-electric electrons are supposed to be 
detached from the metal atoms and to become attached to the 
neighbouring sulphur atoms. We may imagine that the excitation 
of the phosphorescent substance has been brought about at a low 
temperature. If the temperature is raised, the electrons will be 
released from the sulphur atoms and return again to the metal 
atoms, and in so doing bring about luminescence. The intensity 
of the light will be proportional to the number of electrons 


tl Le : an 
returning in unit time, ze to 7) where z is the number of 


electrons attached to the sulphur atoms or wanting in the metal 
atoms. The force attracting the oppositely charged particles 
(S atoms and metal atoms) will be proportional to ”*. Assuming 
that the action tending to restore electrons to the metal atoms is 
I 


: ; dn 
proportional to this force, we have —- = = an’,so that 2 = rarer 


at 


a 
(¢ + at)” 

The short-lived phosphorescence (-process) obeys a different 
law. In this case the separated electrons, instead of becoming 
attached to sulphur atoms, are distributed in the surrounding space 
like the molecules of a gas. The number of atoms returning in 
unit time to a metal atom will now be proportional to the number 
of collisions between electrons and metal atoms, ze to z. Thus 


and [ = 


dn 
~ dt 
Such a relation has been found experimentally by E. 
Becquerel,' but a somewhat more complicated relation has been 


= an, and therefore I = Le" 


obtained in the experiments of Werner?—vzz. | = I,e-#’” where 


1E, Becquerel, La lumiére, I, p. 273, 1867. 
2? Werner, Ann. d. Physik, 24, pp. 164-190, 1907. 
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¢m is a number varying in different cases between the values 0-2 
and 1. Lenard supposes that this is due to the complications 
brought about by the w process, which is superposed on the 
m-process, 

A further study of Lenard’s phosphorescent preparations has 
been carried out by Pauli,’ with a view to examining the effect of 
the solvent (sulphide) on the phosphorescence. By modifying the 
dielectric constant it was found possible to alter the position of the 
luminescent band at will, and Pauli was successful in preparing 
material which showed bands only in the ultra-violet, and other 
material showing bands only in the infra-red. The results 
obtained afford a striking confirmation of Lenard’s view that the 
vibrations set up in the phosphorescent substance are analogous 
to those of an electric oscillator having a period dependent upon 
inductance and capacity, and that the wave-length of a band is 
consequently proportional to the square root of the dielectric 
constant of the medium. 

The case of phosphorescent zinc sulphide, which Lenard classes 
among the phosphorescent alkaline earth sulphides, has been 
examined by Ives and Luckiesh.2 They find that the zinc 
sulphide exhibits a flashing-up of luminosity when radiation of 
long wave-length is incident upon it. The peculiarity of the effect 
in this case is that it becomes noticeable only after the decay 
of phosphorescence has proceeded for some time. The authors 
attempt to develop a theory of this effect based on the theory of 
Lenard. The initial direction of the decay-curve is ascribed to 
the unattached electrons, which bring about the rapid drop in 
luminosity in the early stage of the decay. The flashing-up is 
attributed to the stored-up electrons, which determine the shape 
of the decay curve in its later stages. 

Butman? has examined the photo-electric effect of phos- 
phorescent materials, and in large degree confirmed the results of 
Lenard and Saeland. 

Data supporting in a quantitative way the photo-electric 
theory of phosphorescence have been obtained by Géggel,* who 

1 Pauli, Phys. Zeitschr., 11, p. 991, IQrI. 
“Ives and Luckiesh, Astrophysical Fournal, 34, pp. 173-196, TgII. 


3 Butman, Phys. Rev., 34, p. 158, p. 316, 1912. 
4 Goégegel, Ann. d. Phystk, 67, pp. 301-319, 1922. 
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employed the methods of Lenard and Saeland. A photo-electric 
effect corresponding to the m-process (fluorescence) was not 
found, indicating that in fluorescence no electrons are emitted from 
the luminous centre, a result in agreement with the work of Pauli. 

An interesting relation suggesting the possibility of a con- 
nection between phosphorescence and the se/ectzve photo-electric 
effect has been pointed out by Pohl.t Lenard found that corre- 
sponding to an emission band of a phosphor of the alkaline earths 
there were three separate bands which could produce excitation. 
It appears that the wave-lengths of these bands are inversely pro- 
portional to the square roots of the natural numbers 2, 3, and 4. 
Now, according to the formula of Lindemann (p. 160), the wave- 
length for the maximum selective photo-electric effect is inversely 
proportional to the square root of the valency. Thus there is a 
striking point of resemblance between the two sets of phenomena, 
but it would not be justifiable to assume that phosphorescence is 
always associated with the selective rather than with the normal 
photo-electric effect. 

“Tn considering the Lenard theory in its broad aspects one 
cannot fail to recognise that it accounts qualitatively for practically 
all of the observed facts, and that it serves as a very satisfactory 
means for systematising a mass of experimental material which 
would otherwise be almost valueless because of its complexity ” 
(E. Merritt). 


THERMO-LUMINESCENCE. 


The term ‘thermo-luminescence is employed in speaking of 
substances in which an emission of light is produced by a rise of 
temperature, though this temperature is far below that required 
for ordinary thermal emission. According to the theory of Wiede- 
mann “thermo-luminescence is to be explained as the result of 
some change that is made possible by rise of temperature, during 
the progress of which the molecules are thrown into such violent 
vibration as to emit light.” Certain varieties of fluorspar 
(chlorophane) exhibit this phenomenon in a very marked degree. 
Such bodies really belong to the class of phosphorescent substances, 
as it is found that a preliminary exposure to light is necessary. 


1 Pohl, Verh. Deutsch. Phys. Gesell., 13, pp. 961-966, IgII. 
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E, Wiedemann! obtained the same effect by exposure to kathode 
rays. These phenomena may be compared with those recorded 
by Dewar,’ in which substances exposed to light at the tempera- 
ture of liquid air show no phosphorescence until they are warmed. 

According to Lenard’s theory, the electrons liberated by 
photo-electric action must become attached to neighbouring 
molecules in a fairly stable fashion, so that they are unable to 
effect their return to the parent atom until the vibration of the 
molecules is sufficiently increased by a rise of temperature. This 
explanation is supported by the observations of G. C. Schmidt,? 
who found that, in the case of solid solutions such as those 
examined by Wiedemann, thermo-luminescence and_photo- 
electric sensitiveness were invariably associated if either of these 
properties were strongly marked. 

The thermodynamics of fluorescence has been discussed by 
Kennard* on the assumption that fluorescence is a _ reversible 


process, and certain general relations have been derived. 


APPLICATION OF THE QUANTUM THEORY. 


It is not possible to do more than draw attention to the 
important work of Baly °on the relations between the absorption 
and luminescence bands and their arrangement in series. Al- 
though, at least in its earlier presentation, Baly’s theory suffered 
from a certain lack of definiteness, and he himself does not appear 
satisfied with the theoretical basis of his relations,°\the equations 
obtained are capable of representing with great accuracy the 
frequencies, v, of a considerable number of bands. The typical 


equation is of the form 
vy = kv, + mo, 


where £ and m are both integers, », is the frequency of a band 
in the infra-red, and & is a constant called by Baly the “basis 
constant,” which is possibly related to the moment of inertia of 


1E, Wiedemann, Wied. Ann. d. Physik, 56, p. 201, 1895. 

2 Dewar, Chen. News, 70, p. 252, 1894. 

3G. C. Schmidt, Ann. d. Phystk, 64, pp. 708-724, 1898. 

4 Kennard, Phys. Rev., 11, pp. 29-38, 1918. 

5 Baly, Astrophys. Fourn., 42, pp. 4-71, 1915; Phil. Mag., 27, pp. 632-643, 1914; 
29, pp. 223-240; 30, pp. 510-526, 1915; 31, pp. 417-430, Igr6. 

8 Baly, Phil. Mag., 39, pp. 565-577, 1920; 40, pp. I-14, 15-30, 1920. 
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the rotating molecule.!' In some cases the presence of two basis 
constants may show itself by giving additional sub-groups. The 
quantum theory of band spectra is not as yet sufficiently de- 
veloped to explain all the relations observed. 

It seems clear, however, that in the future development of the 
theory of luminescence it will be necessary to employ the prin- 
ciples of the quantum theory, and to trace out in detail the con- 
sequences of its application. This involves extending the Bohr 
conception of the atom to the molecule, or, alternatively, utilising 
static models of atoms and molecules based on the quantum force 
postulated by Langmuir. On these lines it should be possible to 
account for many of the observed facts, and perhaps also for the 
interesting phenomenon of polarised fluorescence in solutions of 
organic dyes which now appears to be well established by the 
experiments of Weigert? and of Schmidt.? This subject has been 
further investigated and discussed by Wawilow and Lewschin,‘ 
Gaviola and Pringsheim ° (who observed polarised phosphorescence 
in a solid solution of eosin in gelatine when the exciting light was 
iinearly polarised), and by Carrelli.® 

The subject of ionising and radiating potentials is too wide for 
discussion in this monograph, but an important observation made 
by Compton and Smyth‘ must be mentioned. They found that 
fluorescing iodine vapour was more easily ionised than non-fluor- 
escing iodine vapour. The ionising potential for normal iodine 
vapour was about Io volts, whilst for iodine vapour rendered 
fluorescent by green light (the corresponding potential being 
2°3 volts) the value was 7°5 volts, just 2°5 volts less. 


PHOTO-CHEMICAL THEORIES OF LUMINESCENCE. 


The relation between physical and chemical theories of 
luminescence has been admirably stated by E. Merritt’ as 
follows :— 


1 Bjerrum, Nernst Festschrift, p. go, 1912. 

* Weigert, Verh. Deutsch. Phys. Ges., 1, pp. 100-102, 1920; Phys. Zeitschr., 23, 
p- 232, 1922. 

Schmidt, Phys. Zeitschr., p. 233, 1922. 

4 Wawilow and Lewschin, ibid., p. 173, 1922. 

® Gaviola and Pringsheim, Zeits. f. Physik, 24, pp. 24-34, 1924. 

® Carrelli, ibid., 17, pp. 287-291, 1923; Accad. Lincei, Atti, 33, p. 21, 1924. 

7 Compton and Smyth, Science, 51, p. 571, 1920. 

8 Bull, Nat. Research Council, Vol. 5, No. 30, p. 21, 1923. 
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“If we were in a position to specify exactly the manner in 
which the exciting light produced its effect upon the active 
molecule, it is probable that the differences between chemical 
and physical theories of luminescence would prove to be either 
non-existent or of very slight importance; for, since light is an 
electromagnetic disturbance, it can produce an effect only by 
acting on the electric and magnetic constituents of the molecule, 
2.é. by producing some disturbance in the arrangement or motion 
of the electrons and protons. The first effect of excitation is 
therefore always “ physical”? in the sense in which that term is 
here used. It is to be expected, however, that this first effect 
of the exciting light, because of the resulting change in the 
configuration of the electrons, will be accompanied by some 
change in the chemical behaviour of the excited atom or molecule. 
In purely physical theories of luminescence, this change in 
chemical properties is looked upon as incidental; in chemical 
theories it is essential. A purely physical theory would account 
for luminescence by a process which does not necessarily involve 
chemical change; but in a chemical theory the photo-reaction 
would be the fundamental phenomenon with luminescence a more 
or less incidental accompaniment.” 

The most important photo-chemical theory of luminescence 
is that developed by Perrin, which stands in close relation to his 
theory connecting radiation and chemical change (Chapter XIV). 
He regards fluorescence as the emission of light at the instant 
when the active molecule undergoes some chemical change 
produced by the incident radiation. It is only when the active 
molecule is destroyed that it is fluorescent. This view is supported 
by his experiments on the decomposition of organic fluorescent 
solutions under intense excitation.) Wood? has confirmed and 
extended the experimental results by using a concentrated beam 
of sunlight. In his book on Fluorescence and Phosphorescence 
Pringsheim has discussed in detail photo-chemical theories of 
fluorescence, and is inclined to decide against them. He suggests 
that the first effect of excitation is to produce a temporary change 
in some of the active molecules, such as the emission of an electron 


1 Perrin, Ann. Physique, 10, pp. 133-159, 1918. 
2 Wood, Phil. Mag., 43, pp- 757-765, 1922. 
£5 * 
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or the displacement of an electron to some less stable position 
in the molecule. This change implies an increase in the chemical 
activity of the molecules. Some of them, as they return spon- 
taneously to their original condition, emit the light which con- 
stitutes fluorescence. Others come near enough to other activated 
molecules to permit of some chemical reaction between the two. 
This chemical change may or may not be accompanied by 
fluorescence, which may, however, be of a different colour. On 
the whole this seems the most satisfactory account of the com- 
plicated processes which are involved in the action of light upon 
a fluorescent material. 


ELECTRICAL EFFECTS ASSOCIATED WITH LUMINESCENCE. 


In the course of their experiments on phosphorescent sulphides 
Lenard and Saeland observed a curious phenomenon which they 
have termed the “actino-dielectric” effect. ‘‘ When the specimen 
was illuminated with light containing red as one of its constituents 
the electrometer gave a deflection when the specimen was positive. 
In the case of a positive charge, however, the deflection increased 
to a limiting value and then remained constant: while when the 
specimen was negative the deflection continued to increase as 
long as the illumination lasted. When the specimen had been 
exposed to red light long enough for the electrometer needle 
to have come to rest the phenomenon could not be observed 
again until the specimen had rested for several hours in the 
dark, or in some other way, e.g. by heating, had been restored 
to its original condition. But if the experiment was performed 
with the gauze alternately positive and negative, it could be 
repeated indefinitely. With violet light no deflection was observed 
unless the gauze was positive.”’ 

“The authors point out that the phenomenon suggests either 
dielectric polarisation or temporary conductivity under the influence 
of the longer rays.” 

An increase in the dielectric constant of Sidot blende when 
exposed to light, has been observed by Gudden and Pohl. 
The phosphorescent zinc sulphide in the form of fine powder 
was used as the dielectric in a small condenser. The authors 
consider that this is not the same as the actino-dielectric effect, 


1Gudden and Pohl, Zeits. f. Physik, 1, pp. 365-375, 1920. 
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which is not particularly strong in Sidot blende. They suggest that 
the new effect is connected with the selective photo-electric effect 
of the copper forming the active metal of the material used, and 
depends on the strongly marked crystalline structure of the blende. 

The same investigators! have carried out a large number of 
experiments on the increased conducting power of phosphorescent 
materials when illuminated. Electric fields as strong as 3000 
volts per cm. are required to bring about the change in con- 
ductivity. The curve showing the effect as a function of wave- 
length has a well-marked maximum, and is strikingly similar 
to the curves showing the selective photo-electric effect in the 
case of the alkali metals. With relatively weak fields the curve 
resembles that found in the zxorma/ photo-electric effect in metals. 
The authors have interpreted the phenomena in terms of the 
Lenard theory, assuming that the active centres permit a selective 
as well as the normal photo-effect. ‘‘ They assume further that 
the electrons emitted in the selective effect do not have sufficient 
velocity to permit them to obtain their full freedom and are 
therefore not in a condition to act as conduction electrons.” A 
strong electric field, however, gives them the necessary freedom 
to enable them to take part in conduction. Guided by this 
theory they found that a strong electric field applied to Sidot 
blende during decay of phosphorescence caused a sudden increase 
in the brightness, similar to that produced by infra-red rays, 
followed by decay more rapid than before. They have also 
observed the converse effect—the increase in conductivity pro- 
duced, after the effect of the original excitation has disappeared, 
by allowing a beam of red light to fall upon the cell. 
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CHAPTER XIV. 


PHOTO-CHEMIGALIS AC LIONS: 


IT is well known that there are numerous cases in which chemical 
changes are brought about by the action of light. Light of every 
wave-length, from infra-red to ultra-violet, is capable of acting 
photo-chemically. Usually, however, the shorter wave-lengths 
are by far the most active.! We may conveniently divide photo- 
chemical reactions into three main classes. To the first class may 
be assigned the so-called photocatalytic reactions, in which light 
only accelerates an irreversible process. In such cases we cannot 
regard the energy of the light as being stored up in the trans- 
formed substance in the form of chemical energy. To the second 
class belong the true photo-chemical equilibria. These are pro- 
cesses in which a new state of equilibrium is set up under the 
action of light. This class is characterised by the fact that the 
processes concerned are fully reversible—that is, the whole system 
returns in the dark to its original condition. The energy of the 
light is transformed and accumulated in the form of chemical 
energy. To the third class belong the so-called false chemical 
equilibria. These are at bottom irreversible processes, which are 
composed of two or more photocatalytic reactions. 

Lewis in “A System of Physical Chemistry,” following 
F. Weigert, adopts a slightly different classification, putting the first 
and third class as subdivisions of photo-reactions involving a 
decrease in free energy, and the second class under photo-reactions 
in which the free energy of the system is increased by the light. 

As we have seen in previous chapters, J. Stark identified the 
valency electrons, which play the part of chemical bonds, with 
the photo-electric electrons which can be liberated by the action 

1Eder, Handbuch der Photochemie, p. 28, Halle, 1906. 

? Johannes Plotnikow, Photo-chemie, W. Knapp, 1910; Photochemische Versuchs- 


technik, Akad. Verlagsges, Leipz'g, rgr2. 
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of light. This view is in accord with Bohr’s theory of atomic 
structure. From this standpoint a photo-electric change and a 
photo-chemical change (at least in its initial stage) may be 
regarded as changes of the same character, consisting essentially 
in the displacement or separation of an electron through the 
absorption of energy from a light wave. Stark was thus led to 
distinguish between two kinds of photo-chemical action. In a 
primary or direct action the same valency electron which has 
absorbed energy is itself released from its connection with a strange 
atom, whilst in a secondary or indirect action the electron which 
has absorbed the energy causes by collision the separation of a 
neighbouring valency electron from an atom. Thus in either case 
the action results in the dissociation of a chemical bond. 

The laws governing photo-chemical changes have been 
studied by many scientific workers, both from the point of view 
of chemistry and from that of physics. The law of Grotthus? 
(1817) is found to apply in all cases—only such rays can act 
chemically on a substance as are absorbed by it. But it does 
not follow that each type of radiation absorbed must produce 
chemical action. In connection with primary photo-chemical 
reactions J. Stark? enunciates three laws. First, these re- 
actions are unimolecular. Second, they are independent of the 
temperature, at any rate for light-of wave-length 450 wy. Third, 
the amount of the product of reaction formed in unit time is 
proportional to the amount of the active light absorbed. This 
last law, known as the law of Bunsen and Roscoe, is usually 
stated in the following way: When light of a particular kind is 
used, the photo-chemical action depends solely on the product of 
the intensity and the duration of exposure. It has been con- 
firmed by the exact measurements of Wildermann.® 

From the point of view of modern physics we may regard 
it as practically certain that the first stage in any photo-chemical 
reaction consists in the separation, either partial or complete, of 
negative electrons under the influence of light. This view at 

1 Gilbert’s Ann. d. Physik, 61, p. 50, 1819; Luther, Z.W.P., III, 7, p. 257, 1905 ; 
Lehmann, Zeitschr. Phys. Chem., 64, pp. 89-119, 1908. The law was emphasised by 
Draper in 1839, and his name is frequently associated with it. 


2 J. Stark, Phys. Zeitschr., 9, 889-894, 1908. 
3 Wildermann, Phil. Trans. Roy. Soc., A, 199, p. 337, 1902. 
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once enables us to understand certain of the laws which are found 
to hold in photo-chemical reactions. It is obvious that absorption 
of light is necessary before any change can be brought about. 
When the light absorbed is able to effect the separation of 
electrons, then in unit time a definite number of molecules will 
lose electrons, the number being proportional to the intensity of 
the light and to the surface illuminated but independent of 
temperature. Thus we regard the action of the light as similar in 
character to its action in producing the photo-electric discharge, 
but whereas in the latter case we have an emission of electrons 
with definite velocity, in the former we suppose that the separated 
electrons (valency electrons) in general attach themselves to some 
other atom or group of atoms. This hypothesis serves as a basis 
for the explanation of the laws of photo-chemical change.! 

Our knowledge of the structure of the atom and of the 
mechanism of these changes is not yet sufficiently complete to 
enable us to form a perfectly clear mental picture of the processes 
involved, but there can be no doubt that work on the lines 
indicated in the previous chapters will do much to enable us to 
construct a model for the elucidation of such transformations. 


EINSTEIN’S LAW OF THE PHOTO-CHEMICAL EQUIVALENT. 


Einstein” formulated a photo-chemical law which may be 
stated as follows: ‘When light of frequency pv is incident on a 
system sensitive to such light, for each quantum of energy (Av) 
absorbed, one molecule of the absorbing substance (photolyte) is 
decomposed.” Hence for the decomposition of one gram-molecule, 
the energy absorbed should be N/v ergs, where N is Avogadro’s 
constant, the number of molecules in a gram-molecule. If the 


1W. D. Bancroft, Yournal of Physical Chemistry, 12, pp. 209-278, 318-376, 
417-447, 1908, has discussed photo-chemical actions at length in a series of articles on 
the Electro-chemistry of Light, and has come to the conclusion that the theory put for- 
ward by Grotthus accounts for all the actions of light upon salts. According to this 
theory ‘the action of a ray of light is analogous to that of a voltaic cell,’’ that is, the 
chemical action of light is essentially electrolytic in nature. This conclusion is in 
excellent agreement with the view here put forward, if the electrolytic dissociation is. 
regarded as equivalent, at least in its first stage, to the separation of negative electrons 
under the influence of light. 

Einstein, Ann. d. Physik, 3'7, p. 832, 1912; Phys. Zeitschr., 18, p. 121, 1917. 
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energy be expressed in calories and the wave-length (A) in microns 
(«) it follows that 


gram-molecules decomposed r 


calories absorbed ~ 28,443° 


Thus according to Einstein’s law, the amount of substance acted 
upon by the light is proportional to the product of the absorbed 
radiant energy and its wave-length, and is independent of all other 
factors such as temperature. Most photo-chemical processes are 
complicated by secondary reactions which make it extremely 
difficult to test the direct applicability of the law. It is, however, 
now generally admitted that the absorbing molecule absorbs energy 
in quanta. The experimental work prior to 1913 has been 
summarised by Bodenstein and the later work, much of which 
has been carried out by Warburg? and more recently by Nernst 
and his fellow-workers, has been discussed by R. O. Griffith.? He 
concludes that the ratio of the number of molecules decomposed 
to the number of quanta absorbed may vary over wide limits, 
though ina large number of cases its value is not far removed from 
unity. In a few reactions, and within certain narrow spectral 
limits, the ratio has been found to be unity. In the photo-chemical 
decomposition of hydrobromic and hydriodic acids one quantum 
brings about the decomposition of two molecules, one molecule 
being decomposed directly, the other by a secondary process. But 
in general the ratio above mentioned is determined by processes 
which occur between the act of absorption and the production of 
the final products. Thus the final conclusion reached may be 
stated by saying that there is strong evidence in favour of the view 
that the ratio of the energy absorbed to 4p is equal to the number 
of absorbing molecules, but this number may differ considerably 
from the number of molecules decomposed. It is therefore 
extremely probable that the primary process consists in the 
absorption of an energy quantum, but the subsequent changes are 


1Bodenstein, Zeitschy. Physikal, Chem., 85, p. 333, 1933. There is an account 
in English in Lind’s The Chemical Effects of Alpha Particles, Chap. X, American 
Chem. Soc. Monographs. 

2 Warburg, Zeitschr. f. Elektrochem., 26, p. 54, 1920. 

3 Lewis, A System of Physical Chemistry, Vol. II, Appendix VII (Longmans, 
1924). See also pp. 203-206. 
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frequently so complicated that it is not at present possible to 
express them in terms of the quantum theory. 

Recent work on the energy changes involved in chemical 
reactions has done much to elucidate the nature of such processes. 
The position has been stated by Baly! as follows: “ Every 
complete reaction consists of three separate stages, with each of 
which is associated its characteristic energy change. In general, 
molecules in the free state exist in a phase which is non-reactive, 
and in order to carry out any reaction it is first of all necessary to 
bring them into a reactive phase. This, which is the first stage 
of the reaction, requires that a definite amount of energy should 
be supplied to each molecule, the amount necessary being the 
difference in energy contents of the initial phase and the particular 
phase necessary for the reaction in question. Each phase of a 
given molecule differs in energy content by a fixed quantity of 
energy characteristic of that molecule, which is called the molecular 
quantum of energy. It follows, therefore, that the amount of 
energy necessary to activate each molecule in the first stage of the 
reaction is exactly one or more molecular quanta.” 

‘The second stage of the reaction is the atomic rearrangement 
whereby new molecules are produced, and it is this stage, and this 
stage alone, which is represented by the equation of the reaction.” 

“The third and final stage is the change in phase of the newly 
synthesised molecules, whereby they pass into their normal and 
non-reactive phases. These last two stages are both accompanied 
by an escape of energy, and in each of them the amount of energy 
lost per molecule is exactly one or more molecular quanta 
characteristic of the new molecules.” 

It may be pointed out that this mode of statement is in harmony 
with the general principles of Bohr’s theory of molecular structure, 
though it is not at the time of writing possible to give an exact 
representation of the structure of even the simplest molecule in 
terms of this theory. 


THE RADIATION HYPOTHESIS. 


There is a close similarity between the Arrhenius equation for 
the velocity of chemical reactions and the Wien radiation law. 


TE. C. C. Baly, Nature, 109, p. 344, 1922. 


PHOTO-CHEMICAL ACTIONS 235 


This has led to the suggestion by Trautz,! Lewis,’ Perrin,? 
and others that radiation is an important factor in chemical 
action. 

Perrin has developed in a remarkable and highly suggestive 
paper the view that “ ordinary ” chemical reactions may be regarded 
as due to radiation, z.e. they are photo-reactions. “It is assumed 
that a molecule in a condition of stable equilibrium A, may be 
transformed by the absorption of light of frequency v into an 
intermediate unstable state from which it passes spontaneously, 
with the radiation of energy of frequency v’, to the stable state A,. 
If the quantum relation holds for each of these two changes the 
reaction may be written 


dv + A, = A, + hy. 


If the reaction is reversible, and this is assumed to be true in many 
cases and possibly in general, the absorption of radiation of 
frequency v’ will cause the change to take place in the opposite 
sense with the emission of radiation of frequency »v. The 
equilibrium between the two substances A and B will be affected 
by temperature changes through the resulting change in the 
relative intensities of the waves of frequency v and y’ in the black- 
body radiation.”’ 

There is ample evidence supporting the view that molecules 
are able to take part in chemical reactions only after they have 
become “activated”; but the further hypothesis that this activation 
is brought about by the absorption of a nearly monochromatic 
radiation does not appear to rest on a very firm foundation. 
Langmuir‘ has pointed out that there is little evidence for the 
occurrence of absorption bands including the appropriate frequency, 
and further the total amount of radiant energy absorbed is far 
smaller than that actually required for activation. Again, when 
the intensity of the radiation is increased enormously, the reaction 
velocity shows no corresponding increase. 

The view that the radiation hypothesis of thermal chemical 


1Trautz, Zeitschr. f. Wiss. Phot., 4, 1906; Zeitschr. Anorg. Chem., 102, p. 81, 1918. 

2W.C. McC. Lewis, Trans. Chem. Soc., 1914 onwards. 

3 Perrin, Les Atomes (1913), translated into English by Hammick (1916); Anm. d. 
Physique, 11, pp. 15-108, 1g1g. 

4Langmuir, Am. Chem, Soc. Fourn., 42, pp. 2190-2205, 1920. 
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change is inadequate has been supported by Lindemann? and by 
Christiansen and Kramers,’ mainly on the ground that the 
observed velocities of reaction are so much in excess of those 
required by the hypothesis. 

The whole question was raised in a discussion of the Faraday 
Society on “Catalysis with special reference to newer Theories of 
Chemical Action” * and is considered in detail by Lewis in the 
third edition (1924) of Vol. III of his System of Physical 
Chemistry. He points out that the radiation hypothesis may 
be correct, but the equation supposed to represent it may be an 
incorrect expression of the hypothesis, in the sense that the actual 
rate of absorption of energy may be much more rapid than is 
allowed for in the deduction of the equation. On the other hand, 
the experimental data in the case of unimolecular reactions in gases 
may be wholly unsuitable for testing the equation, owing to the 
existence of powerful catalytic effects. 

At the present time the position may be summed up by say- 
ing that although the radiation hypothesis of chemical change is 
in some respects attractive, its supporters have not yet been able 
to present it in such a form as to make it rank as a theory capable 
of giving quantitative expression of the results of experiment. 

On the basis of the law of proportionality between quantity of 
light absorbed and quantity of electricity evolved in a photo- 
electric cell, a simple relation between the photo-electric, the 
electro-chemical, and the photo-chemical processes has been 
pointed out.* ‘Let us consider the following arrangement. The 
anode of a photo-electric cell is earthed. The kathode is con- 
nected with the anode of a voltameter, for instance a silver nitrate 
voltameter, the kathode of which is grounded. If light falls on 
the cell, the current will deposit silver according to Faraday’s 
law. The quantity of silver deposited in a given interval of time 
will be proportional to the quantity of light absorbed by the 
photo-electric cell. But this statement is a special case of the 
fundamental law of photo-chemical actions. If, therefore, light 


1Phil. Mag., 40, p. 671, 1920. 

2 Zeitschr. Physikal. Chem., 104, p. 451, 1923. 
3 Trans. Faraday Soc., 1'7, Part III, 1922. 
*Kunz, Astrophys. Fourn., 45, p. 86, 1917. 
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produces a chemical effect directly, we have, as it were, a com- 
bination of the photo-electric and the electro-chemical processes. 
But whether ionisation and electric conduction can be detected in 
each photo-chemical reaction seems to be an open question.” 

The relation between photo-electric and photo-chemical activity 
has been discussed by Richardson! on the basis of a statistical 
investigation of the number of electrons emitted from the surface 
ofa body. Formule based on the same general type of ideas, 
but linked up with Bohr’s theory, have been given by Kramers? 
and Milne*® for the photo-electric activity of radiation. The 
results obtained depend on the assumptions made as to the pro- 
portion of the returning electrons which suffer reflection. 


SOME IMPORTANT PHOTO-CHEMICAL CHANGES. 


It may serve a useful purpose if we now refer to some of the 
most interesting photo-chemical changes, paying special attention 
to any facts that appear to be suggestive from our theoretical 
standpoint. For details of the earlier work, Sheppard’s Photo- 
chemistry (Longmans) should be consulted. 

The union of hydrogen and chlorine to form hydrochloric acid, 
investigated by Bunsen and Roscoe in 1855 with the aid of an 
accurate actinometer, is the classic instance of photo-catalytic 
reaction. ; 

The most important chemical change brought about by light 
is that which occurs in the case of the chlorophyll of green leaves. 
Here there is an assimilation of carbon dioxide resulting in the 
formation of sugars. The change involves the absorption of a very 
large amount of energy, as is shown by the fact that to produce 
one gramme of starch from carbon dioxide and water, 4230 
calories must be supplied. According to the measurements of 
Brown and Escombe‘ nearly 100 per cent. of the light-energy 
absorbed is utilised, under favourable conditions, in bringing about 
chemical change. The unique character of the process is shown, 
not only in the large amount of energy absorbed, but in the fact 
that the maximum photo-chemical activity is in the red between 

10. W. Richardson, Phil. Mag., 23, p. 594, 1912; 24, p. 570, 1912; 27, p. 476, 


1914; 47) P- 975, 1924. 
2 Kramers, tbid., 46, p. 836, 1923. % Milne, ibid., 47, p. 209, 1924. 
4Brown and Escombe, Proc. Roy. Soc., B, 76, pp. 29-111, 1905. 
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the lines B and C, a part of the spectrum which is usually without 
photo-chemical action. There isa secondary maximum in the case 
of chlorophyll in the blue near F, and a minimum in the green 
corresponding with maximum transmission. 

A theory of the mode of action of chlorophyll has been put 
forward by Harvey Gibson.! According to this theory the light 
rays absorbed by chlorophyll are transformed by it into electric 
energy, and this transformed energy then brings about the 
decomposition of carbonic acid (H,CO,) in the cell, with the 
concomitant formation of an aldehyde and the evolution of 
oxygen. From the aldehyde are derived the sugars and starch 
of the plant. The theory thus stated falls into two parts: 
first, a somewhat vague statement as to the transformation of light 
energy into electric energy; and second, a suggested chemical 
change. With regard to the first process we may point out that 
an acceptance of the electromagnetic theory of light necessarily 
implies a transformation of the energy of the electromagnetic 
waves into the energy of electrified particles when absorption 
of light takes place.* Whether the energy in this case consists in 
the energy of an emitted electron or in the energy associated with 
the rupture of a chemical bond (the displacement of a valency 
electron) we need not at the moment inquire. In this connection 
it is, however, interesting to note that chlorophyll in alcoholic 
solution shows strong fluorescence of a blood-red colour. The 
fluorescence appears only in the solution and never in the 
chloroplasts * (those differentiated portions of the protoplasm of a 
cell which contain the green colouring-matter). 

With regard to the chemical changes taking place there has 
been a considerable amount of discussion. According to Will- 
statter, chlorophyll as it occurs in the plant combines with 
carbonic acid, and probably it functions as a photocatalyst. 
““The green-coloured complex absorbs visible light, and the 
energy so absorbed is transferred to the carbonic acid through the 
identity of infra-red frequency, with the result that formaldehyde 

1 Harvey Gibson, Annals of Botany, 22, pp. 117-120, 1908. 

2 The existence of electric currents in green plant-organs has been demonstrated 
by Kunkel (1882), Haake (1892), and others. Klein (1898) has shown that these 


currents depend upon the degree of illumination. 
’ Reynolds Green, Vegetable Physiology, p. 145, Churchill, 1907. 


PHOTO-CHEMICAL ACTIONS 239 


and oxygen are produced. Although this gives a satisfactory 
explanation of the mechanism by means of which the living plant 
is able to produce formaldehyde with the aid of visible light alone, 
the story is far from complete, for there are yet to be considered 
the formation of carbohydrates from the formaldehyde, and the 
details of the process whereby the oxygen set free in the photo- 
synthesis is transpired by the plant as gaseous oxygen.”? Great 
interest has been aroused by work on photosynthesis carried out 
at Liverpool. Baly, Heilbron, and Barker? claim to have effected 
the photo-chemical production of formaldehyde from carbon 
dioxide and water by using ultra-violet light of wave-length 
about 200 wu from U-shaped quartz mercury lamps. It is noted 
that these lamps do not deteriorate in the same way as the 
straight form, and it is suggested that this may account for the 
failure of Spoehr* to reproduce the results. 

The Liverpool workers claim further that by the action of 
ultra-violet light on aqueous solutions of formaldehyde, several 
hundred grams of concentrated sugar syrup have been prepared, 
and that the production of nitrogen compounds may be effected 
by the action of ultra-violet light on aqueous solutions of 
potassium nitrite or nitrate (and possibly ammonia) containing 
formaldehyde. Such investigations present many difficulties and 
further confirmation is required before it is possible to pass 
judgment upon them.+* 

A large amount of experimental work on photo-chemical 
transformations in carbon compounds has been carried out by 
Professors Ciamician ° and Silber at Bologna. 

The chemical changes brought about by light in carbon 
compounds may be assigned to various classes, but the greatest 
number of such changes may be classed under the heading of the 


1Baly, Nature, 109, p. 345, 1922. 

2 Baly, Heilbron, and Barker, Trans. Chem. Soc., 119, p. 1025, 1921; Nature, 
II2, p. 323, 1923. 

3Spoehr, ¥. Am. Chem. Soc., 45, p. 1184, 1923. See also C. W. Porter and 
H. C. Ramsperger, ibid., 47, pp. 79-82, 1925. 

40, W. Snow and J. F. S. Stone, Trans. Chem. Soc., 123, p. 1509, 1923. 

5 Ciamician and Silber, ‘‘ Les Actions chimiques de la Lumiére,”’ Bull. Soc. 
Chim., 6 June, 1908, an address before the Chemical Society of Paris. ‘‘ The 
Chemical Action of Light on Organic Compounds,’ by W. A. Davis, Science 
Progress, '7, 26, pp. 251-279, 1912. 
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reciprocal oxidation and reduction of two substances, one of 
which is oxidised at the expense of the other. 

It has been found that nitrobenzene in the presence of benzal- 
dehyde passes into nitrosobenzene, the benzaldehyde being 
simultaneously oxidised to benzoic acid. 

One of the most remarkable transformations is the change from 
o-nitrobenzaldehyde into o-nitrosobenzoic acid. The change, un- 
like most other photo-chemical changes in carbon compounds, 
takes place very rapidly, being more nearly comparable in this 
respect with ordinary photographic processes. It is a noteworthy 
fact that transformation takes place even in the solid state; in 
solution it is so rapid that, in a few hours, the tube is full of 
crystals of the nitroso acid. 

The polymerisation of unsaturated compounds under the 
influence of light attracted attention at an early date. Thus 
acetylene is transformed into benzene. 

A case of particular interest is the change from anthracene! to 
dianthracene. This change, which is brought about by the action 
of light, is a reversible one, for in the dark anthracene is re-formed. 
This is said to be the only known instance of a reversible photo- 
chemical reaction ina homogeneous system. It has been studied 
by Luther and Weigert,? who find it to obey the law of a 
unimolecular reaction. Anthracene (C,,H,)) crystallises in the 
form of laminz, or monoclinic plates, which are fluorescent. It 
melts at 213° C., and boils above 360° C. 

The change from one stereoisomeric form into another under 
the influence of light is frequently observed in the case of com- 
pounds containing an ethenoid linkage. In many instances ultra- 
violet rays produce changes which are the converse of those 
brought about by ordinary light. 

The influence of light on isomeric change has been studied 
by T. M. Lowry and H. R. Courtman. The solution under 
examination was protected from purely thermal influences 
by a water-jacket and exposed to the dazzling radiation of a 
mercury vapour lamp, at a distance of about 5 cm. No accelera- 


1See Chapter VI, p. 86. 

*Luther and Weigert, Zeitschr. Physik. Chem., 51, 297-328, 1904; 53, 385-427, 
Ig05. 

% Lowry and Courtmann, Fourn. Chem. Soc., 103, pp. 1214-1221, June, 1913. 
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tion of the isomeric change was observed in the case of the three 
sugars dextrose, galactose, and maltose, or in the case of nitro- 
camphor or of hydroxymethylene camphor. In the case of 
aminomethylene camphor, there is a marked acceleration, which 
ceases when the stimulus is removed. Benzoyl camphor also 
undergoes isomeric change more rapidly when exposed to light, 
but in this case the acceleration persists when the light is ex- 
tinguished. This is probably due to the liberation of benzoic 
acid, which acts as a powerful catalyst in promoting this isomeric 
change. 

Certain so-called “‘ photo-tropic’ substances change in colour 
when exposed to sunlight, but regain their original colour in 
darkness. Probably a structural change of a character similar to 
that of the cases just referred to is here involved. With some 
substances it is the more refrangible light that brings about the 
change of colour, while the inverse change is accelerated by the 
yellow and red rays. 

An interesting case of chemical change brought about by 
light is the transformation of oxygen into ozone by ultra-violet 
rays. Lenard! has shown that the ozonising action is due to 
light of extremely short wave-length, less than 200 pu. Regener? 
proved that there is also a deozonising action for wave-lengths 
between 300 yuyu (absorption by glass) and 185 py (absorption by 
quartz). This is in agreement with the fact that ozone shows a 
strong maximum absorption for light of wave-length 257 py. 
Dewar? has demonstrated the formation of ozone when light 
falls on liquid oxygen’ by means of the iodine starch paper 
test. 

Ultra-violet light decomposes water with the formation of 
hydrogen peroxide and hydrogen, in accordance with the equa- 
tion 2H,O = H,O, +H,. This was proved by Kernbaum,* who 
found a similar effect due tothe 8-rays of radium, It appears from 
the experiments of Tian® that light can also bring about the 
decomposition of hydrogen peroxide in dilute solution, thus: 

1 Lenard, Ann. d. Phystk, 1, p. 486, 1900. 

2 Regener, zbid., 20, pp. 1033-1046, 1906. 

3 Dewar, Engineering, 89, pp. 116-117, Igto. 

4Kernbaum, C. R., 148, pp. 705-706, 1909; 149, pp. 116-117, 273-275, 1909. 


5 Tian, ibid., I51, pp. 1040-1042, IQIO; 152, pp. 1012-1014, p. 1196, IgIt. 
16 
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H,O,= H,O + O; 20 = O, At the end of a sufficient time 
the gases set free by the action of ultra-violet light upon water 
are identical with those that would be obtained by electrolysis, 

When a solution of rhombic sulphur in carbon bisulphide is 
exposed to light, amorphous insoluble sulphur is precipitated. 
In the dark the precipitate redissolves, so that the action is a 
reversible one. W. D. Bancroft has pointed out that in such 
reversible photo-chemical processes the phase rule may be 
applied, regarding light as an additional variable. He finds 
good agreement between experiment and theory in the case of 
the precipitation of sulphur. 

We may note incidentally an interesting photo-chemical 
method of detecting ultra-violet rays which has been described 
by C. Schall.?. A sheet of paper is floated on a solution of 1 part 
by weight of p-phenylene diamine in 14 parts of water and 
4 parts of dilute nitric acid (40 per cent. solution). The paper 
is dried by heating and used at once. Diffused daylight only 
produces a pale-green tint, but an instant’s exposure to the ultra- 
violet rays from a quartz mercury lamp produces a blue colora- 
tion. 


THE SO-CALLED DESTRUCrIVE ACTION OF RADIATION, 


Goldstein* discovered that certain salts, especially the 
alkali halides, become coloured after exposure to kathode 
rays; at the same time their phosphorescence diminishes, . The 
colours so produced disappear in time, slowly in darkness, when 
several months may be required, but rapidly in daylight. A rise 
in temperature hastens this disappearance, for which a few 
minutes may then be sufficient. Elster and Geitel* found that 
the salts thus modified possess considerable photo-electric activity. 
This property diminishes gradually, and disappears at the same 
time as the coloration. Certain glasses behave in the same way 
as these salts, and acquire the photo-electric property under the 
action of kathode rays. The coloration produced in salts by 


1 Rankin, Journ. Phys, Chem., 11, pp. 1-8, 1907. 

2C. Schall, Photograph. Wochenblatt, p. 33, 1907. 

’ Goldstein, Wied. Ann. d. Physik, 54, p. 371, 1895; 55, p. 491, 1897. 
4 Elster and Geitel, ibzd., 59, p. 487, 1896. 
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the rays from radio-active substances has frequently been noticed. 
The coloured substances show photo-electric activity.! 

In the cases referred to above, light aids in destroying the 
co‘our. On the other hand, it has been found that ultra-violet 
light produces a violet coloration in glasses containing man- 
ganese.’ 

If, as is probable, the modified substances owe their colour to 
traces of free metal, it is easy to understand their photo-electric 
activity. The kathode rays and the ultra-violet light here show 
a reducing action, while ordinary daylight appears to effect a 
change of opposite character. 

The destruction by one radiation of the chemical effect due to 
another is a very general occurrence. Thus Wollaston® found 
that pale-yellow guaiacum acquires a green colour on exposure to 
light, but observed that “the two extremities of the spectrum are 
not only different, but opposite in their chemical effects.” Ritter + 
of Jena showed that silver chloride was blackened by ultra- 
violet rays, and the effect was reversed by the invisible rays 
beyond the red. In passing it may be noted that Ritter was the 
first, so early as 1801, to suggest the similarity of these effects 
with electric or magnetic action, the violet rays reducing and the 
red oxidising or bleaching. Again, the yellow platinocyanide of 
barium is coloured brown by exposure to Rontgen radiation, but 
the colour is restored by light, particularly green, yellow, and red 
light. A photographic dry plate shows a somewhat similar 
reversal® with regard to the action of Rontgen radiation and 
light. 

The destructive action of the red rays of the spectrum on 
the photographic image was noticed as long ago as 1843 by 
J. Herschell. Robert Hunt in his Researches on Light (1854) 
describes the following experiment in illustration of this effect : 
“ By means of two prisms, two spectra are formed, each of which 


1Elster and Geitel, Phys. Zeitschr., 4, pp. 113-114, 1902. 

2¥F, Fischer, ibid., 6, pp. 216-217, 1905. 

3 Wollaston, Phil. Trans., 92, pp. 365-380, 1802; Nicholson’s Fournal, 8, pp. 
293-297, 1804. 

4 Ritter, Nicholson’s Fournal, 8, pp. 214-216, 1804, 

5Villard, Soc. Franc. Phys. Bull., pp. 5-27, 1907; Fournal de Physique, 6, 


PP. 369-379, 445-457, 1907. 
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produces upon chloride of silver a chemical change from the 
green ray to some distance beyond the visible violet. Each 
spectrum is now so arranged that the inactive yellow and orange 
rays of the one are thrown upon the most active blue and violet 
rays of the other. The result is that chemical action is entirely 
stopped.” 

This inverse action of the waves of long wave-length has 
been utilised by Waterhouse for the photography of the infra-red 
spectrum. The method has been developed by Millochau,! who 
tints the plates with a colouring medium, such as malachite 
green, then “solarises” them by exposure to white light, and 
finally exposes them to the infra-red spectrum. Photographs of 
the solar spectrum have been obtained from 750 uu to 950 py by 
means of these plates. 

It is significant that the red and infra-re] rays of the spectrum 
have the effect of accelerating the exhaustion of a phosphorescing 
body (Becquerel). We have seen that Lenard explains this by 
supposing that the long waves shake up the larger systems 
(S-atoms) to which the separated electrons have become attached, 
and so make it easier for the electrons to return to the metal 
atoms. It would appear that a similar explanation might be 
applied to the inverse action of the long waves in chemical and 
photographic processes.” M. Curie® has made an attempt to 
verify this hypothesis by examining the reflection of X-rays from 
a crystal, when exposed and when not exposed to infra-red radia- 
tion; the results obtained were negative. It is suggested that 
the effect is due to an increase in the electric conductivity of the 
medium. 


’ 
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CHAPTER XV. 


PHOLOGRAPHY. 


THE LATENT IMAGE OF THE PHOTOGRAPHIC PLATE. 


THE nature of the developable image produced on a photo- 
graphic plate has been the subject of much controversy.' Does 
a chemical or a physical change take place in the silver salt when 
a ‘‘latent” image is produced? On this question we may quote 
the words of Chapman Jones.” 

“ A chemical change must be preceded by a physical change ; 
there must be a movement or commotion within the molecule 
before actual decomposition takes place. The question, therefore, 
is not whether the change is chemical or physical, but whether it 
is physical only, or whether it passes beyond the physical stage 
to an actual decomposition. There certainly is some change, and 
therefore there is a physical change; but while some consider 
that this is followed by decomposition, others, including the author, 
consider that the balance of evidence is ee against 
decomposition.” 

The experiments of Wiener have shown that the direction of 
vibration in polarised light which produces photographic action 
is perpendicular to the plane of polarisation; in other words, it 
is the electric vector in the light wave which is responsible for 
the photographic effect. Thus the physical change in the photo- 
graphic plate is due to the electric vector. 

In his interesting presidential address to the Photographic 
Convention of the United Kingdom, Professor J. Joly? puts 
forward the hypothesis that ‘‘the beginnings of photographic 
action involve an electronic discharge from the light sensitive 

1 The views of various investigators have been collected in a series of lengthy 
papers by W. D. Bancroft in the Fournal of Physical Chemistry, 1911-1912. 

2 Chapman Jones, The Science and Practice of Photography, Chapter XVI. 

3 Joly, Nature, 72, p. 308, 1905. 
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molecule—in other words, that the latent image is built up of 
ionised atoms or molecules, upon which the chemical effects of 
the developer are subsequently directed.” 

In support of this hypothesis he quotes the experiments of 
Dewar, who found that the latent image is formed at temperatures 
approaching the absolute zero. “This compels us to regard the 
fundamental effects in the film as other than those of a purely 
chemical nature. We must seek for the foundations of photo- 
graphic action in some physical or intra-atomic effect. We must 
turn for guidance to some purely photo-physical phenomenon. 
Such an effect is ‘ photo-electricity.’ ” 

Joly showed that aluminium and silver bromide are photo- 
electric at about the temperature of liquid air. We have already 
seen that, apart from secondary effects, photo-electric activity is 
independent of the temperature. 

The halide salts of silver are vigorously photo-electric, and 
possess an activity in the descending order, bromide, chloride, 
iodide. This is the order of their photographic sensitiveness. 
Sensitisers are also photo-electric, their activity being dependent 
on the absorption of light of some particular colour. An efficient 
sensitiser must dye the silver halide grain and not merely stain 
the plate. 

We may note also that the photographic image is produced 
by Rontgen radiation and by Becquerel radiation, which are both 
known as ionising agents. In this connection it is interesting 
to remark that the a rays have the same range of action whether 
tested by the ionisation produced or by their photographic or 
phosphorescent action.” Experiments carried out by C. G. 
Barkla prove that the results obtained in the examination of 
the characteristic “ fluorescent’’ Rontgen radiation of an element 
are the same whether the ionisation method or the photographic 
method is employed. The evidence seems conclusive that the 
photographic process is primarily a result of ionisation. 

In their valuable book on the theory of the photographic 


1At — 180° C. Dewar found 20 per cent., and at —252°5° C. 10 per cent., of the 
normal photographic effect. 

* Rutherford, Phil. Mag., 10, pp. 163-176, July, 1905 ; Radioactivity, pp. 546-547, 
1905. 
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process, Sheppard and Mees! favour the view that the ionisation 
brings about a chemical change, and the chemical product is 
the so-called latent image. They think it probable that the 
half-halide (Ag, X) ‘is formed and is present in solid solution in 
the remaining halide. This view has been widely accepted, 
though it is doubtful whether any direct evidence has been 
brought forward to prove that halogen is set free in the pro- 
duction of a normal latent image. There are many substances, 
known to be halogen absorbents, which have no influence in 
affecting the rate of production of a latent image, though most of 
them do affect the rate of production of a visible image when it 
is certain that halogen is being set free,” 

On the other hand it is maintained by some that the effect 
of light on solid silver chloride and bromide is to produce ultra- 
microscopic particles of metallic silver, and not sub-halides. 
This view is supported by the investigations of Lorenz and 
Hiege*® on metallic fogs by means of the ultra-microscope. 

It is fair to claim that the onus of proof lies with those who 
suggest a chemical change, for there is undoubtedly a physical 
change taking place, and this physical process is capable, in 
the light of recent work, of explaining many of the properties 
of the latent image. There may be outstanding difficulties, such 
as those connected with the action of oxidising agents, but it 
is not impossible that these may be satisfactorily explained. 

We proceed to an examination of the physical theory of the 
latent image based on photo-electric action. 

Let us suppose that a gel containing grains of silver halide 
is illuminated by monochromatic light. Then photo-electrons 
will be liberated from each grain and, in accordance with the 
results obtained with metal surfaces, the maximum velocity may 
be assumed dependent on the wave-length of the light, the 
velocity increasing as the wave-length diminishes. The liberated 
electrons, after moving for a short time amongst the surrounding 
molecules, as molecules of air are supposed to move in the 

1 Sheppard and Mees, Investigations on the Theory of the Photographic Process 


(Longmans, 1907). 
2 Seea discussion ina paper by Sanger Shepherd in the Photographic Fournal, 35, 


Ppp. 249-257, I9It. 
3 Lorenz and Hiege, Zeitschr. Anorg. Chem., 92, pp. 27-34, 1915. 
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interior of a sponge, become attached to neighbouring molecules 
of the gel. When the illumination ceases a fairly stable arrange- 
ment results, consisting of a central grain which is positively 
charged, surrounded by a portion of the gel, roughly spherical 
in form, in which negative electrons are disseminated. The 
radius of the sphere will depend upon the velocity of emission— 
that is, on the wave-length of the exciting light. 

The latent image thus formed is not absolutely permanent. 
The gradual destruction of the image, or “ photo-retrogression,” 
has been studied by Baekeland and others.! According to our 
view, this is to be explained. by the gradual return of electrons 
to the parent atom, as in Lenard’s theory of phosphorescence. 
It is significant that Baekeland found photo-retrogression to be 
very marked in the case of plates, films, or papers kept at a 
temperature of from 4o° to 48°C. for 3 days, while it was not 
noticeable even after two weeks if the temperature was from 
1° to 4° C. This corresponds exactly to the increased rate of 
decay of phosphorescence due to rise of temperature, and may 
be explained in the same way, as a consequence of the increased 
rate of vibration of the molecules to which the electrons are 
attached ; for thus the chance of the return of an electron to 
the silver halide grain is increased. 

Objection has been raised to such a physical theory of the 
latent image on the ground that the assumed stability of the 
free electric charges remains unexplained. To this we may 
reply that these charges are located within the substance of 
the solid. The figures which are usually given for the electrical 
resistivities of insulators are in many cases nothing more than 
the resistances of the surfaces. Asa parallel case we may draw 
attention to the phenomena of thermo-luminescence. 

Another point of significance in connection with this objection 
is the fact that in the Daguerrotype process the latent image was 
so evanescent that it was necessary to carry out the development 
shortly after the exposure. 

The view that the processes taking place in the photographic 
plate are analogous to those postulated by Lenard in connection 


1 Baekeland, Fourn. of Phys. Chem., 15, pp. 314-323, 1911; Channon, Phot. ¥., 
57) P- 72, 1917. 
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with phosphorescence is to some extent supported by the fact 
that the sensitive film fluoresces under the influence of Rontgen 
raysand radium rays.! In his original communication announcing 
the discovery of X-rays, Roéntgen says: “It appears question- 
able, however, whether the chemical action on the silver salts 
of the photographic plates is directly caused by the X-rays. 
It is possible that this action proceeds from the fluorescent light 
which is produced in the glass plate itself, or perhaps in the 
layer of gelatine. ‘Films’ can be used just as well as glass plates.” 
Thus it appears that Rontgen suspected fluorescence in the 
photographic film itself, but his suggestion that the light of 
fluorescence is sufficient to caus? appreciable chemical action is 
not borne out by some experiments of the writer.” The evidence 
points rather to the view that the production of luminescence and 
the formation of the latent image are processes of the same 
character, each being due to the liberation of photo-electrons by 
light. 
PHOTOGRAPHIC REVERSAL. 


It has been proved experimentally that the mass of silver 
reduced per unit area of a photographic plate is proportional to 
the density measured photometrically. A curve may be plotted 
showing the relation between the density of the developed plate 
and the time of exposure. The density increases rapidly at first, 
then more slowly, until it reaches a maximum. This may be 
called the first critical point. With a longer exposure the density 
begins to diminish, and reversal of the image sets in. At length 
a second critical point is reached, where the density has a minimum 
value corresponding to a destruction of the image. This effect, 
produced by over-exposing a sensitised plate or paper to the 
action of light has long been known to photographers by the 
name ‘‘solarisation.” ? With prolonged exposure the density once 
more increases and the second reversal of Janssen is obtained. 

These variations in density are well illustrated in a reproduc- 
tion of a print obtained by J. Sterry * (Fig. 41). 

1H. S. Allen, Proc. Roy. Phil. Soc. Guaoe 35; p. 88, 1903. 
2 Ibid., 36, p. 213, 1905. 


®>R. Hunt, Manual of Photography, 1853. 
4Sterry, Phot. Fournal, 35, pp. 320-322, IQII. 
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Photographic reversal has been investigated by R. W. Wood,! 
who describes four or five different types of such action. The 
most interesting types from a theoretical standpoint are the 
ordinary over-exposure reversal, and the reversal due to the 
action of a second stimulus. In the first case reversal is produced 
by an exposure three or four hundred times the normal. The 
effect can be brought about either by ordinary light or by 
Rontgen rays. In the second case the result produced depends 
on the order of application of the stimuli. If these are arranged 
in the following order, pressure marks, Rontgen rays, light shock, 
and. Jamplight, the impression due to any one can be reversed by 
any other which follows it in the list, but in no circumstances by 
any one preceding it. 

Joly has suggested that the phenomena of recurrent reversal 
may possibly be explained on the view that the latent image is 
built up of ionised atoms or molecules. The potential between 
groups of ions may rise until at length a state is attained in which 
spontaneous neutralisation takes place. He points out that 
R. W. Wood’s results may be capable of explanation on these 
lines. 

If we adopt the view already suggested, and trace out an 
analogy between Lenard’s theory of phosphorescence and the 
formation of a latent image, a certain amount of light may be 
thrown on these phenomena, We assume that the electrons 
expelled from the silver halide become attached to molecules of 
the surrounding dielectric. If these molecules are set in vibration 
by some external stimulus, such as radiation of long wave-length, 
the electrons will be enabled to enter again into combination with 
the atoms from which they were liberated. This recombination 
is of course effected by the electrostatic forces between the 
oppositely charged particles. If recombination is not assisted in 
this way, the electrostatic field will increase under the continued 
action of light, until, as Joly suggests, spontaneous neutralisation 
takes place with the destruction of the latent image. The same 
processes will then recur, giving rise to the second reversal of 
Janssen. 

It would thus appear that there are two processes that may 


1R. W. Wood, Phil. Mag., 6, pp. 577-587, 1903. 
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bring about, either independently or in conjunction, the destruction 
of the latent image—v7z. an increase in the motion of vibration of 
the molecules, and an accumulation of electric charges of opposite 
sign, 

The remarkable phenomena connected with the reversal of 
the image may perhaps be explained by means of the model 
suggested above. First we may draw attention to the peculiarities 
observed when the excitation is due to an intense light lasting for 
a very short time, or a “light shock.” We have seen that the 
electrons after being liberated remain for some short period in 
a free state, but finally become attached to the surrounding 
molecules. In the case of continuous illumination by an ordinary 
source of light, the electrons first liberated become fixed and will 
then produce an electric field opposing the emission of later 
electrons and altering the final arrangement. In the case of a 
light shock, however, the electrons will be emitted in a rush, and 
will not have become attached to outside molecules before the 
emission ceases. Thus we should expect a different final 
distribution. 

R. W. Wood proved that the duration of the light shock to 
give the Clayden reversal must not exceed yo'oo sec., while the 
effect could be obtained without difficulty when the exposure was 
less than zoyo sec. In these experiments an arc lamp was used 
as the source of light. 

When. the photographic plate is exposed to a number of 
stimuli in succession the effect produced depends on the order in 
which the exposures are made. One stimulus differs from another 
in the velocity with which the electron is ejected from the atom, 
and perhaps also in the class to which the electron must be 
assigned. Considering only differences in velocity, let us suppose 
that two exposures are made, the first causing an emission of 
electrons with large velocity, the second causing electrons to be 
set free with smaller velocity. We should then expect the 
electrons to be arranged, roughly speaking, in concentric spherical 
shells, somewhat resembling the pleochroic halos in crystals of 
mica discussed by Professor J. Joly,’ and attributed by him to 
the emission of a particles from a radio-active nucleus. But it 


1Joly, Phil. Mag., 19, pp. 327-330; Igro. 
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must be noticed that the presence of the charges due to the first 
stimulus sets up an electric field opposing the emission of the 
slower electrons due to the second stimulus. Consequently the 
velocity of these will be still further diminished, and they will 
not be able to travel so far from the parent atoms. Thus the 
radius of the inner shell will be decreased, and the stage at which 
spontaneous neutralisation of the charge within this shell takes 
place will be the more readily reached. The disturbance pro- 
duced by this neutralisation will be sufficient to upset the 
equilibrium of the particles at a greater distance from the centre, 
so that the electrons in the outer shell under the influence of the 
central attraction will effect their return to the silver halide grain. 
In this way destruction of the latent image can be brought about. 

Let us next consider the case in which the first exposure sets 
free slowly-moving electrons, while the second causes an emission 
of electrons with large velocity. These rapidly-moving electrons 
will have to pass through a shell of attached electrons due to the 
first exposure, and in consequence their velocity will be some- 
what diminished. Thus their final distance from the centre will 
be smaller than it would have been otherwise, but the position of 
the inner shell of attached electrons remains unaffected. In con- 
sequence, neutralisation would only be brought about after pro- 
longed action of the second stimulus. 

To make this clearer, let us imagine that a negative charge A 
is distributed uniformly over the surface of a sphere of radius a, 
and that a second charge B is distributed over the surface of a 
larger sphere of radius 4, The corresponding positive charge 
A +B belongs to the central grain. We assume that neutralisa- 
tion can only take place when the value of the electric intensity 
becomes great enough to separate one of the electrons from the 
molecule to which it has become attached. The magnitude of 


ae : ; ee 
the electric intensity at a point on the inner sphere is coe and 
; se : ; 
at a point on the outer sphere is zp The former magnitude is 
always greater than the latter—that is, neutralisation is always 


initiated from the inner shell of electrons. Now in the case we 
are considering @ is not affected by the second stimulus, so that 
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we can only bring about neutralisation by giving a large value 
to B—that is, by prolonged action of the second stimulus pro- 
ducing electrons of high velocity. 

In the case previously considered, where the electrons with 
large velocity are the first to be emitted, a, as we have seen, 
becomes small, and therefore a small value of A will be sufficient 
to bring about neutralisation. 

This of course is only a crude illustration, as the electrons 
will be neither arranged symmetrically nor distributed over a 
spherical surface, but it may serve to show how the resulting 
effect may be dependent on the order of application of the 
stimuli, 

The order given by R. W. Wood is pressure marks, X-rays, 
light shock, and lamplight. We have advanced a reason for 
believing that the electrons emitted under the influence of a light 
shock will be found at a greater distance from the central grain 
than those emitted under the influence of lamplight. We know 
that the electrons emitted through the incidence of X-rays have 
greater velocities (between 10° and 10” cm. per sec.) than those 
of the photo-electrons (about 10° cm. per sec.). If the proposed 
theory is correct, the velocity, or at least the displacement, of the 
electrons due to mechanical pressure must be still greater. 

The considerations just advanced suggest that it should be 
more difficult to produce reversal by the continued action of a 
single stimulus, when the displacement of the electrons is large 
than when it is small. 

The hypothesis may also help to explain the variations 
observed in the sensibility of the emulsion with the size of the 
grain. It is well known that the grain in a rapid plate is 
considerably larger than the grain in a slow plate; in the process 
of “ripening” there is a noticeable increase in the size of the 
halide particles. Apart from the accompanying change in the 
absorption for light, there will be an effect due to the change in 
the strength of the electrostatic field which opposes the issue of 
electrons from the particle. In the case of a grain of radius x 
from which a number of electrons have escaped, leaving it with a 
positive charge e, the strength of the field at the surface of the 
grain will be e/7*. Thus with small grains the field may soon 
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become sufficiently strong to prevent the emission of further 
electrons, so accounting for the insensitive character of the 
emulsion, and also for the fact recorded by Liippo-Cramer! that 
solarisation occurs less readily the finer the grain, no solarisation 
at all being found when the grain is extraordinarily fine. 

The “reciprocity law” of Bunsen and Roscoe states that 
provided that I¢, the product of the light intensity and the time, 
be constant, the photo-chemical effect of an exposure will be the 
same whether the intensity or the time be altered. For photo- 
graphic plates this law fails to hold, and various modifications? 
have been proposed. Schwarzschild investigated the way in 
which the density of a photographic image varied with changing 
exposure, and enunciated the law that the product IZ? is constant, 
where p = 0°86. This relation has been examined in the course 
of a large number of investigations,® and has been verified as at 
least approximately correct, but strictly the index f is not a 
constant. 

Closely connected with the failure of the “reciprocity” law 
is the fact that a series of intermittent exposures do not yield 
the same result as a continuous exposure for the same total time. 
These phenomena receive an explanation by means of the physical 
theory here suggested. In considering the effect of any given 
exposure we have to take into account the number of electrons 
that return to the parent grain. This “fading loss” is probably 
a most important factor, but we must also consider the effect of 
attached electrons in retarding the emission of later electrons from 
the silver halide. It is possible that a quantitative explanation 
of the observed facts could be developed from this point of 
view. 

The electron theory of the developable image here put forward 
possesses much greater flexibility than the chemical theory, whose 
supporters have been compelled to suggest the existence of two 
or three different latent images or two or three sub-halides in 

1Liippo-Cramer, Photographische Probleme, p. 146, 1907. 

2 Sheppard and Mees, Theory of the Photographic Process, pp. 214-224; J. Stark, 


Ann. d. Physik, 35, pp. 461-485, IgII. 
3]. K. Robertson, Opt. Soc. Amer. F.,'7, pp. 996-998, 1923; L. A. Jones and 


E. Huse, id., pp. 1079-1113, 1923; G. R. Harrison and C. E, Hesthal, id., 8, 
Pp. 471-485, 1924. 


PHOTOGRAPHY 255 


order to account for the complex facts of observation. This 
complexity has been accentuated by the study of the photographic 
action of the Rontgen and Becquerel radiations. The physical 
theory explains these differences by the variations in the velocity 
and resulting displacement of the electrons; it affords a clue for 
disentangling the phenomena of reversal, the effect of the size of 
the grain and of the composition of the emulsion; and finally, it 
suggests a field for further research in connection with the photo- 
electric activity of the substances employed, the penetrating power 
of the electrons, and the dielectric properties of the binding 
material. 


LATER WORK ON THE LATENT IMAGE. 


Certain ascertained properties of the latent image which have 
important bearings on the interpretation given to the nature of 
the developable condition have been discussed by F. F. Renwick. 
Firstly, the possibility of physically developing an image on a 
fixed and washed plate; secondly, the possibility of transferring 
latent images from the silver salt in which they are formed to 
another ; thirdly, the destructibility (under certain conditions) of 
the latent image by the further action of light itself. Renwick 
concludes that these phenomena speak strongly against the view 
that the latent image is due to’ a purely physical alteration, 
electrical or otherwise, of the silver salt, and is of the opinion that 
the product of light action must be silver rather than a sub-halide. 
“Consideration of these and other aspects of the problem have led 
me to the conclusion that in our most highly-sensitive photo- 
graphic plates we are dealing with crystalline silver bromide in 
which, besides gelatin, some highly unstable form of colloidal 
silver exists in solid solution, and ¢hat zt zs thts dtssolved silver 
which first undergoes change on exposure to light.” He claims 
that this hypothesis “has the merit of reconciling the views of 
those who demand merely a physical change, those who require 
the formation of free silver, or a material chemically different from 
those initially present, to act as a nucleus for development, and it 
should also meet with approval of the exponents of the electron 
theory, since it is apparently well established that colloidal 


1F, F, Renwick, Soc. Chem. Industry, 39, pp. 156-163, 1920, 
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solutions of silver are negatively charged and are precipitated 
when the charge is lost.” 

The non-existence of silver sub-halides is supported by 
Hartung,! whose experiments with the aid of the microbalance 
bear out the conclusions of Reinders? and Bancroft.* He 
examined the rate of bromination of thin films of metallic silver, 
and found no evidence of the formation of silver sub-bromides or 
per-bromides. Thin films of silver bromide, when sealed up in a 
vacuum in the presence of copper gauze and exposed to light, 
lose more than 96 per cent. of their bromine. “It has been 
shown definitely that pure silver bromide decomposes into silver 
and bromine on illumination. There is also no reason to suppose 
that the production of the latent image when silver halides are 
illuminated for very short periods is not due to incipient decom- 
position of the same type.” 

A discussion on the Physical Chemistry of the Photographic 
Process was planned by the Faraday Society before the war, but 
instead of taking place in 1914 was postponed till May, 1923. 
The report of this discussion shows that in spite of the progress 
made in the interval unanimity is far from having been arrived at 
by workers on the subject. According to W. D. Bancroft, who 
contributed a general introduction concerned more with the 
chemical than the physical aspects of the problem: ‘The latent 
image is due to silver adsorbed by silver bromide because it can 
be prepared synthetically, because it behaves like a phase of 
continuously varying composition, because this hypothesis enables 
us to account for all the chemical reactions of the latent image, 
and because this hypothesis enables us to account for the facts of 
solarisation.” 

Much important work* has been done in investigating the 
nature of the latent image by studying the individual grains which 
are present in the photographic film. Svedberg of Upsala, the 
workers of the British Photographic Research Association, and 
those of the Eastman Kodak Company, have all been active in 

1 Hartung, fourn. Chem. Soc., 125, pp. 2198-2207, Nov., 1924. 

2 Reinders, Zeitschr. Physikal. Chem., 77, p. 356, Tgil. 


3 Bancroft, Trans, Faraday Soc., 19, p. 250, 1923. 
4Summarised by C. E. K. Mees, ‘‘ Recent Advances in Photographic Theory,” 


Fourn. Franklin Inst., Jan., 1923. 


PHOTOGRAPHY 257 


this field. Svedberg! suggested that “the product of the light 
action in the halide grain, that is, the substance of the latent 
image, consists of small centres distributed through the grain or 
through the light-affected part of the grain, and that these 
centres are distributed according to the laws of chance. A 
certain grain will therefore become developable if it includes one 
or more developable centres after exposure.” Again, F. C. Toy? 
assumed that “there exist in the grains particles which are not 
silver halide.” These are formed during precipitation and 
subsequent ripening. ‘With any normal exposure, it is these 
particles which form the reduction nuclei, the only action of the 
light being to change their condition in such a way that they 
become susceptible to the action of the developer. Each nucleus 
does not necessarily require the same intensity to changeit. The 
nuclei are scattered haphazard amongst the grains according to 
the laws of chance, and only grains which have at least one will 
be developable.” It may be that the nuclei are atoms or ions of 
silver, or particles of colloid silver may be dispersed in the silver 
halide lattice.* 

The application of the quantum theory to photo-chemical 
changes in general leads naturally to a consideration of its appli- 
cability in the formation of photographic images. Lowry * and 
Silberstein independently have employed Einstein’s conception 
of “light-quanta” in dealing with the problem of the latent image. 
In discussing the interpretation of Svedberg’s photographs Lowry 
wrote: “It was an attractive proposition to assume that the 
developable centres in the screen of silver bromide provided a 
concrete record of the bombardment of the silver bromide target 
by quanta of light, just as the flashes of light in a spinthariscope 
recorded the impacts of the a-particles.”’ 

_Silberstein® suggested that the bundles of radiant energy 
instead of being called “corpuscles” should be called “light 
darts” and should be imagined as a long train of waves of very 


1 Svedberg, Phot. Fourn., 62, p. 186, 1922. 
2F.C. Toy, Phil. Mag., 44, pp. 352-371, 1922. 
3 Wightman, Trivelli, and Sheppard, Frank. Inst. fourn., 194, pp. 485-520, 1922 ; 
Fajans, Zeitschy. Elektrochem., 28, pp. 499-505, 1922. 
4Lowry, Phot. Fourn., 62, p. 193, 1922. 
5 Silberstein, Phil. Mag., 44, pp- 257, 956, 1922; 45, p. 1062, 1923. 
17 
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small diameter travelling with the velocity of light. He has 
developed the mathematical consequences of this quantum theory 
of photographic exposure. In the ideal case of equal grains the 
number, &, of grains hit is given by 


k = N(1 - e-™), 


where N is the number of grains per unit area, a@ is the ratio of the 
section of a grain to the unit area, and z the number of light quanta 
which impinge onthe area. A formula of this type was suggested 
by Elder in 1893 and to a certain extent represents the behaviour 
of some emulsions.! By taking into account the possibly finite 
transversal dimensions of the light parcels a formula is obtained 
which appears to represent many of the facts of observation. In 
Part III of his paper Silberstein amplifies the theory by suppos- 
ing that not the whole but possibly some fraction of the area 
of a grain is “vulnerable,” ze. ready to become developable on 
being hit by a light dart carrying a quantum of energy of 
sufficiently high frequency. 

The relation between the photographic blackening and the 
wave-length of the light employed has been investigated by 
Otashiro,? who claims that his experimental results can be repre- 
sented by the equation he has developed from the photo-electric 
standpoint. The equation is 


D =3 admle-bir-roy?, 


where a and 4 are parameters which do not involve A, D is the 
photographic blackening and }, is the wave-length at which the 
number of quanta absorbed is a maximum. Each term on the 
right contains an exponential factor which may be called the 
“solarisation factor,” as it is largely responsible for the explan- 
ation of “reversal” or “solarisation.” 

Silberstein’s theory has not met with general acceptance. It 
may be well, however, to emphasise the point that rejection of 
the light-dart theory is not equivalent to rejecting the quantum 
theory. ‘The phenomena in free space may be perfectly 
continuous and yet may give rise to apparently discontinuous or 


1Ross, Journ. Opt. Soc. Am., 4, p. 255, 1920. 
2Otashiro, Bull. Kiryu Technical College, No. 2, Aug. 1923. 
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at least disruptive actions in the sensitive material on the 
plate.” 

Solarisation of a photographic plate has been studied by 
Scheffers,? who found that the number of silver grains increases 
up to the point of solarisation, but remains nearly constant after 
this. ‘The grains must therefore be smaller on the solarised 
plates, and this is apparent also under the microscope, a large 
number being small and grey instead of large, black and fully 
developed. The conclusion reached is that solarisation is a 
problem of development. The amount of silver in the latent 
image increases in proportion to the intensity of the light, one 
atom of silver being formed to each quantum ; and these atoms act 
as catalysers in the process of development of the plates. But in 
the solarised grains, which contain a very large number of silver 
atoms, these coagulate through their mutual attractions, hence the 
active surface of the silver is diminished, its catalysing effect is 
lessened, and development is hindered.” 
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CHAPTER XVI. 


PHYSIOLOGICAL EFFECTS: PHOTOTHERAPY, THE 
PHOTO-ELECTRIC THEORY OF VISION, 


A LARGE amount of experimental work has been done in 
connection with the effect of radiation upon living matter, to 
which references are given at the end of the present chapter. 
It is not within the scope of this monograph to discuss these 
actions in detail, but it seems desirable to draw attention to their 
relation to the subject of photo-electricity and point out how 
the experimental and theoretical results discussed in the earlier 
part of the volume find fresh applications and illustrations in this 
field. In particular it is of interest to observe the parallels 
between the physiological changes produced by light of ditferent 
wave-lengths and the phenomena of luminescence and the latent 
photographic image. 


PHOTOTHERAPY. 


Physiological changes brought about by radiation are in 
many cases the results of photo-chemical action. 

It is not at present possible to trace out all the stages of the 
process in the case of a photo-chemical change, but there can be 
little doubt that in many instances the first stage is the produc- 
tion of ionised molecules which are then in a condition suitable 
for recombination in a different fashion. 

In certain cases this condition of ionisation may persist for 
long periods, as is shown in the phenomena of thermo-lumines- 
cence. Joly’s theory, that the latent image of the photographic 
plate is built up of ionised atoms or molecules, upon which the 
chemical effects of the developer are subsequently directed may 
be applied in other directions. 

Joly! has discussed the question of radio-therapy, and has 
pointed out that in the case of the living cell ‘radiation may, if 


1 Joly, Proc. Roy. Dublin Soc., 14, pp. 491-512, 1915. 
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carefully modulated, stimulate, or, if too intense, retared the 
growth, and ultimately destroy the molecular structure required 
for mitosis. The effects on the growth of the cell—superficially 
at least—resemble those on the formation of the latent image.” 
“There seems to be no doubt that the growth of the cell is highly 
sensitive to ionic concentration” and the effect of radiation is to 
bring about such changes in the number of ionised molecules. 

Schunck ' has compared various sources of ultra-violet radia- 
tion used for therapeutic purposes and found the best to be 
the arc between tungsten electrodes. The radiations of greatest 
therapeutic value lie between > 300 ww and > 225 py. 

Verhoef and Bell® have made extensive investigations of the 
effect of ultra-violet light upon living matter, and find that radia- 
tion of wave-length shorter than 305 py is able to injure cells by 
chemical action. They verified the Bunsen-Roscoe law and the 
law of the inverse square of the distance as regards the symptoms 
of photophthalmia, the painful irritation of the eye due to ex- 
posure to ultra-violet rays. 

When intermittent exposures are employed, the energy effects 
are found to be additive, at least for the first 24 hours. In 
consequence of absorption by the lens of the eye “the retina of 
the average adult eye does not receive radiation of shorter wave- 
length than 350 ww and not much energy of shorter wave-length 
than 400 pp.” 

The radiations that are most effective in causing sunburn, and 
the destruction of animal tissue, are chiefly confined to the region 
between 200 and 300 yy. 

Ultra-violet radiation such as is obtained from the quartz 
mercury arc, or from the carbon or magnetic arc, has powerful 
germicidal action. The ordinary solar spectrum does not extend 
much beyond 300 wy and contains no appreciable energy of 
shorter wave-length than 290 py. 

Bovie,? who studied the germicidal action of light between 
250 and 300 wp, found a marked increase in the effect for wave- 
lengths shorter than 295 my, z.e. at the end of the solar spectrum. 
The penetrating power of ultra-violet radiation is much increased 

1Schunck, Rontgen Soc. Fourn., 13, pp. 25-36, 1917. 


2 Verhoef and Bell, Proc. Amer. Acad. Arts and Sct., 51, p. 640, 1916. 
3 Bovie, Amer. fourn. Trop. D1s., p. 500, 1915. 
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if the skin is rendered anemic by eliminating the blood by pres- 
sure. The bactericidal action of light from the mercury arc has 
been investigated by Burge,! Cernovodeanu and Henri,’ and others. 

-Clark and Watters,’ employing a mercury vapour lamp, and 
taking the reddening of the skin as a measure of the therapeutic 
action, have shown that the maximum effect is produced be- 
tween wave-lengths 241 and 239 pp, but that there is also an 
appreciable effect up to wave-lengths of about 250 wu. It is 
interesting to compare this result with that of Browning and 
Russ,* who found that the germicidal action of ultra-violet light 
is very marked only between the limits 296 to 210 wy, the 
region of maximum effectiveness being between 280 and 254 up. 
In employing such light for therapeutic purposes, it is necessary 
to know which are the effective rays for the treatment under 
consideration, and how different sources vary as regards intensity 
of radiation. As the primary cause of the physiological change 
produced by light is probably photo-electric action, it is not 
surprising that several investigators have suggested the use of 
the photo-electric activity of a metal plate in air as a means of 
estimating the quality and intensity of the radiation. 

This question has been investigated in the Physical Laboratory 
of the University of St. Andrews by T. H. Osgood,’ taking into 
account the “fatigue” of a metal plate in air. If therapeutic 
action be proportional to the reddening of the skin, then the 
photo-electric activity of gold leaf can be used to estimate the 
value of a given radiation; for experiment shows that gold gives 
little photo-electric current beyond 260 yy On the other hand, 
if the germicidal affect is also to be considered, a silver plate is 
the most suitable to employ, although platinum or copper might 
serve almost as well. 

C. Lee Pattison® has recently given an account of the 
therapeutical effects of ultra-violet radiations, while C. Dorno” has 


1 Burge, Arch. of Ophth., 44, p. 498, 1915. 

2 Cernovodeanu and Henri, C. R., 150, pp. 52 and 549, Igro. 

8 Clark and Watters, Yourn. Rontgen Soc., 18, p. 119, July, 1922. 

4 Browning and Russ, Proc. Roy. Soc. (B), 90, pp. 33, 107, 1917. 

°T. H. Osgood, Proc. Roy. Soc. Edin., 44, pp. 8-13, 1924. 

6 C. Lee Pattison, Lancet, Oct. 18, 1924. 

7C, Dorno, Naturwissenschaftliche Umschau d. Chem. Zeitung, Oct., 1924. 
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considered the subject from the physical side. The ultra-violet 
rays are more active therapeutically than other regions of the 
spectrum, but as they have a low penetrating power their activity 
is confined to the superficial layers of the skin. Relatively to 
the infra-red heat rays they are present to a greater amount in 
summer as compared with winter, but, as they are absorbed by 
glass, exposure must be made in the open air (or directly toa 
source of ultra-violet light). “ The skin pigment absorbs chiefly 
the visible yellow and green rays, with the production of heat, 
which is then radiated outwards by the skin, while the red and 
short infra-red penetrate still more deeply. In this way in a cold 
atmosphere, the body temperature is higher in the deeper parts, 
but falls, from radiation from the skin, towards the surface.” 
Apart from alterations in metabolism and temperature, exposure 
to light produces an increase in the bactericidal power of the 
blood ; whilst the formation of the blood platelets is stimulated 
(Cramer and Drew). “The now well-known beneficial effect 
of sunlight in rickets appears to be due to a mobilisation of 
any vitamin A which is still in the body, without, however, causing 
its synthesis: light, therefore, enables normal growth to continue 
on diets which are relatively deficient in vitamin A.” 

Leonard Hill has given a most interesting account of the bio- 
logical action of light in two Royal Institution lectures summarised 
in ature for May 2, 1925. 

In view of the popular interest now taken in the subject of 
the therapeutic action of light, it may be well to caution those 
who, without adequate scientific knowledge, think of experiment- 
ing with powerful sources of ultra-violet light, that there is risk 
incurred, more especially to the eyesight of the experimenter, 
unless proper precautions are taken. 


THE PHOTO-ELECTRIC THEORY OF VISION: 


It has long been known that an electric current, properly ap- 
plied, can produce the sensation of light, and, on the other hand, 
several experimenters have shown that light gives rise to electric 
currents in the retina.! Bayliss,? reviewing the researches of Waller, 

1 Previous observations in this field are summarised and fresh observations re- 


corded in a paper by Chaffe and Bowie, Optical Soc. Amer., 7, pp. I-43, 1923. 
2 Bayliss, General Physiology, p. 522. 
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Einthoven and Joly, and others, says: ‘Respecting the results 
of these researches the main fact is that, in the uninjured eye of 
the vertebrate, the incidence of light causes an electrical change 
in such a direction that the nervous layer of the retina becomes 
electrically positive to the rod and cone layer.” The idea no 
doubt naturally suggested itself to many that an electric current 
generated in the retina under the influence of light might be 
transmitted to the brain and give rise to visual sensation.! 

In a paper on colour and colour-vision read before the Royal 
Philosophical Society of Glasgow in December, 1917, by C. R. 
Gibson,” it was suggested that the impact of zther-waves upon 
the cones of the retina causes disturbances in the electrons in the 
chemical constituents of the cones. This chemical disturbance 
controls the local nervous current and stimulates the sensation of 
sight. On reading this paper it occurred to the Author that the 
photo-electric effect was exactly that required by the proposed 
hypothesis, the disturbance postulated consisting in the liberation 
of electrons from the light-sensitive substance. This view was put 
forward in a lecture delivered to the Rontgen Society.’ 

It is frequently assumed that when light enters the eye photo- 
chemical changes take place in certain substances in the retina 
resulting in the sensation of sight. We know, as a matter of 
fact, that the visual purple is bleached on exposure to light, but 
this is not generally regarded as the source of the stimulus. In the 
Author’s opinion it is unnecessary to assume that a photo-chemical 
change is the cause of the visual sensation. It is sufficient to 
suppose that photo-electric action takes place in the chemical 
substance (or substances) contained in the rods or cones, such 
separation of electrons resulting in electrification of the nerve 
cells which sets up the nervous impulse to the sensorium. The 
changes in the retina on this view are identical with those ina 
phosphorescent substance or in the formation of a latent image 
on the photographic plate. The after-images seen in the dark 


1 For a general discussion of the relationships between radiant energy and vision 
reference may be made to the ‘‘ Thomas Young Oration”? by Dr. Charles Sheard, 
Am. Fourn. Physiological Optics, 3, p. 391, 1922. 

2C. R. Gibson, Glasgow Medical Fournal, January, 1918. 

°H.S. Allen, fournal of the Réntgen Society, April, r919. 


PHYSIOLOGICAL EFFECTS 205 


after viewing a brightly illuminated object are analogous to 
phosphorescence, the excitation of the retina being due to the 
separation of electrons, the after-image to their return. 

This view is supported by the fact that the sensation of sight 
can be produced by an electrical stimulus and by sudden pressure. 
Also it is said that to the dark-adapted eye Réntgen radiations 
are visible (Bossalina, 1907). Mention may also be made of 
the fact that the peaked curve representing the sensitiveness of 
the eye to light of different wave-lengths (H. E. Ives) is not 
unlike the curve showing the variation of photo-electric activity 
with wave-length.’ 

Sir Oliver Lodge, at the British Association of 1919, and in 
the Trueman Wood lecture to the Royal Society of Arts, put 
forward a theory of vision which closely resembles that proposed 
by Gibson and Allen. “The retina is supposed to contain a 
substance the atoms of which are capable of accumulating a few 
million impulses of zther-waves of luminous frequency. This 
causes the atom to eject one or more electrons, and it is these 
electrons rather than the original light-waves which stimulate 
the nerve endings.” ‘“ Although the excitation of healthy retinal 
merves is primarily dependent on the energy of incident light, 
yet the action is as if the atoms of a retinal substance acted as 
accumulators, storing up an ether disturbance of quite unphysio- 
logical frequency until a quantum has been collected, when a 
stimulating projectile is liberated.” * 

Joly, some two years before the war, made experiments on 
the retinas of oxen and sheep. Later Poole® made various 
experiments with the black pigment and rhodopsin removed 
from a freshly-dissected bull’s eye, and with the retina from a 
frog’s eye. No permanent photo-electric effect was observed, 
but this result cannot be regarded as refuting the photo-electric 
theory of vision. Such a surface emission of electrons was 
hardly probable under the conditions attending the experiments. 

Joly * has made a noteworthy attempt to develop a quantum 


1H. S, Allen, Proc. Roy, Phi!, Soc. Glasgow, 1920. 

2 Nature, 104, p. 420, 1919; Pp. 435, 1920. 

° Poole, Phil, Mag., 41, pp. 347-357; 1921. 

4 J. Joly, ibid., p. 289, 1921; Proc. Roy. Soc. B., 92, p. 219, Ig2I. 
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theory of vision based on the liberation of electrons under light 
stimulus within a photo-electric substance or substances existing 
in the retina. He assumes that such a photo-sensitive substance 
is the visual purple or rhodopsin. This is known to exist in the 
rods but not within the cones. Joly assumes, however, that 
it exists between the rods and cones and between the cones in 
the fovea. It is generally believed that there is no rhodopsin 
in the fovea, but Edridge Green claims to have seen the un- 
bleached rhodopsin between the cones of the fovea and believes 
that vision is due to photo-chemical action progressing in this 
substance. However this may be it is an essential feature of 
Joly’s theory that “the sensitiser in the case of the cones—as the 
organs of colour vision—should lie outside the cone and should 
not exist within as in the case of the rod.” The electrons set 
free from the sensitiser in the rods under the influence of light 
expend their kinetic energy in stimulating the nerve, and, perhaps, 
establish an electronic current into the ganglion cell with which 
the nerve makes connection. The conditions are favourable to 
the appreciation of feeble illumination, it may in fact be assumed 
that one quantum is sufficient to excite vision. 

Henri and des Bancels have shown that the retina is sensitive 
to an amount of light energy of the value of 5 x 10-” erg. 
The quantum for green light is 4 x 1o7” erg. 

It is assumed that the outer segment of the cone is bathed 
in a photo-sensitive fluid. In this the light is absorbed and 
electrons are emitted with velocity depending on the frequency 
of the light. Some of these enter the nerve with maximum 
velocity and kinetic energy. ‘In the cone the more intense 
stimuli tap out to the brain the sensation of colour which we 
associate with the intensity of the quanta involved.” The inter- 
pretation of colour is referred to the appreciation by the nerve 
of the value of the quantum. 

Joly’s theory further assumes that each cone contains three 
different types of nerve fibre, each capable of carrying only 
one type of nerve impulse. On this hypothesis he offers an 
explanation of how one cone can respond to three different 
stimull. 

An interesting attempt to overcome some of the difficulties 
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of Joly’s theory has been made by Janet H. Clark. The follow- 
ing hypotheses are made :— 

I. Vision is produced by the emission of photo-electrons 
from a light sensitive substance occurring in both rods and cones. 
This substance shows the selective photo-electric effect with a 
maximum corresponding to the wave-length of maximum lumino- 
sity in bright light. 

2. Quantitative differences (ze. differences in luminosity) 
depend on the number of electrons emitted. Qualitative differ- 
ences (differences in colour) depend on the velocity of the emitted 
electrons, it being a definite fact that each wave-length causes 
the emission of electrons with a characteristic velocity. 

3. Chromatic vision is possible only in the cones. Rhodopsin, 
being found in the rods alone, is therefore concerned only with 
achromatic vision. It acts asa sensitiser to dim lights, and, in the 
presence of the sensitiser the maximum of the curve of photo- 
electric sensitivity is shifted to wave-length 535 uy. 

Each cone is connected directly to the brain through one 
nerve fibre, whereas several rods are connected through one fibre. 
When electrons are emitted they are supposed to form negatively 
charged layers around the rods and cones, which are left posi- 
tively charged as in Joly’s theory of the latent image. The 
condensers thus formed will at length discharge and a high 
frequency alternating current will pass to the brain. It is 
suggested that although one and the same photo-electric sub- 
stance may be supposed to exist in both rods and cones, their 
method of connection with the brain makes colour vision possible 
in the cones and only achromatic vision possible in the rods. The 
difficulty, however, which the theory does not overcome is the 
explanation of trichromatism, which must be now regarded as a 
proved result of experiment.” 

A comparison between the photo-sensitivity of the retina and 
the photo-electric response of inanimate material has been made 
by Coblentz,* who came to the conclusion that the phenomena are 
only vaguely analogous to one another. Perhaps too much stress 


1 Janet H. Clark, fourn. Opt. Soc. Amer., 6, p. 813, 1922. 
2 Peddie, Colour Vision (Arnold, 1922). 
3Coblentz, Am. ¥ourn. Physiological Optics, I, p. 41, 1920. 
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is laid by this writer on the fact that the sensitivity curve for the 
ordinary photo-electric cell is in the violet, as there seems no 
reason to expect a photo-electrically sensitive substance in the 
retina (should it exist) to have a maximum also in the violet. 
Otashiro,! who has investigated the relation between photographic 
blackening and wave-length, has compared the resulting curves 
with those representing visibility and finds fairly close resemblance. 
He concludes that the two phenomena are in all probability 
fundamentally alike: if one may be accounted for as a photo- 
electric process, so may the other. ; 

The photo-electric theory of vision has been further investi- 
gated by Schanz,” who points out that light can only act where 
it is absorbed, namely, in the pigment layer of the retina. The 
electrons there liberated impinge on the rods and cones with 
velocity depending on the wave-length of the light. Emersleben®* 
has given a critical discussion of the theory. 

We may feel confident that although a full explanation of 
colour vision is still wanting, the correct theory, when it is found, 
will be a photo-electric one, the number of electrons liberated 
determining the intensity of the sensation and their velocity the 
quality or colour of the light perceived. 
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CHAPTER XVII. 


PHOTO-ELECTRIC CELES AND) THEIR 
AE RCICATIONS. 


THE total photo-electric current from an illuminated surface 
depends, as we have seen, on the amount of radiant energy falling 
on the surface, and is, generally speaking, proportional to the 
intensity of the light. This fact has led to several important 
practical applications of photo-electric cells in the measurement of 
radiation, Thesimple cell of Hallwachs containing a plate coated 
with copper oxide, or the zinc sphere used by Elster and Geitel, 
responded mainly to ultra-violet light, but the introduction of a 
photo-electric cell containing potassium, which has maximum 
sensitiveness in the neighbourhood of wave-length 4410 A.U., 
opened the way to new developments in photo-electric photo- 
metry. The instrument of Elster and Geitel’ in its simplest 
forms is shown in the diagram (Fig. 42, A and B). One of the 
alkali metals is deposited on a layer of silver so as to form one 
electrode in a tube exhausted by means of a Gaede pump, The 
tube contains a second electrode, so that by applying an accelerat- 
ing potential difference the photo-electrons may be driven across 
the photo-electric cell. By making the alkali metal the kathode 
in a glow discharge through low-pressure hydrogen, the photo- 
electric activity may be increased. The metals are coloured 
green or blue, except sodium, which becomes brown. This 
change is probably due to the formation of a colloidal hydride 
of the metal. The cells are made more permanent by filling 
with helium or argon. A current of 4 microamperes can be 
obtained from potassium hydride in feeble sunlight. In con- 
junction with a portable galvanometer such cells form a very 


1 Elster and Geitel, Phys. Zeitschr., 11, pp. 257-262, I910; 12, pp. 609-614, 758- 
761, 1911; 13, pp. 468-476, 739-744, 852-855, Igr2. 
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convenient means of determining and comparing strong light- 
intensities. 

Elster and Geitel found the photo-electric current proportional 
to the illumination over an even greater range than that investi- 
gated by Richtmyer.! In very intense light, such as direct 
summer sunlight, the photo-electric current of a potassium cell 
may no longer be proportional to the intensity of illumination. 
In consequence of ionisation by collision in the rarefied argon 
which fills the cell, the current may rise from 3 microamperes to 
about 1 milliampere, when an accelerating voltage of more than 
20 volts is used. To remedy this the current should be reduced 
below I microampere by employing a very high vacuum or by 
stopping down the aperture. 

Going to the other extreme Elster and Geitel found that the 
minimum luminous energy discoverable by means of a potassium 
cell was about 10~' erg/sec. cm.?, the photo-electric current being 
then of the order of 1o-“ amp. They designed a photo-electric 
photometer containing such a cell. ‘ The instrument resembles a 
small gun, the barrel being a tube provided with an iris diaphragm, 
and with a screen of ground Uviol glass at the inner end, intended 
to eliminate the selective photo-electric effect which appears at 
slanting incidence. Suitable light-filters are attached to the outer 
end of the tube. The photometer is mounted like a theodolite. 
A dry battery of some 40 volts and a galvanometer giving I 
division per microampere complete the field equipment.” It has 
been employed by Dember? in a determination of the number of 
molecules in one gram molecule of a gas by observations on the 
absorption of sunlight in the atmosphere. Other photo-electric 
photometers for the measurement of solar radiation have been 
constructed by Bergwitz* and by Raymond.* 

Schulz® has prepared potassium cells (Fig. 42 D) and used 
them to measure the intensity of the light from fixed stars and to 
determine the variation inintensity. ‘The anode was a platinum 
wire about 0'5 mm. in diameter, bent into a rectangular loop about 

1 Page 125, 
2 Dember, Gesell. Wiss. Leipzig, Ber., pp. 259-265, Nov., 1912. 
3 Bergwitz, Phys. Zeitschy., 12, pp. IIII-I112, grt. 


4 Raymond, C. R., 154, pp. 45-47, 1912. 
5 Schulz, Astrophys. Fourn., 38, 187, 1913. 
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I x I4 cm. on the side, the terminal passing through a glass 
sleeve 3 or 4 cm. long. On the wall of the tube facing the plane 
of this loop was a layer of potassium which formed the kathode. 
In order to have good contact at the kathode a layer of silver 
was deposited on and around the platinum terminal on the inside 
of the bulb. The bulb proper was about 5 cm. in diameter.” The 
potassium was distilled upon the silver surface from a pocket in 
the tube just outside the bulb. 

By introducing a little hydrogen gas and passing a discharge 
for a few seconds, the bright metallic colours of the hydrogen 
compound were produced on the potassium, When the surface 
had assumed a brilliant violet-blue colour the hydrogen was 
pumped out and replaced by helium, the pressure of this gas being 
adjusted till the photo-electric current was a maximum. The 
tube was then sealed off and proved to be constant over a period 
of several months. 

A deflection of the electrometer which could easily be read 
‘was produced when the quantity of energy incident on the cell 
was 4°19 x I10~-° ergs. In one experiment the light of Arcturus 
gave a deflection of 248 mm. 

J. G. Kemp! has studied the conditions for maximum 
sensitiveness for a potassium cell containing hydrogen. The cell 
is about 100 times more sensitive after the formation of the 
hydride than before. The distance between the electrodes should 
be about 0°5 cm., the pressure of the hydrogen gas between 2 and 
3 mm. of mercury, the temperature about 25° C., and the 
potential difference applied to the electrodes about 330 volts. 
With such a cell, used in connection with a tilted electroscope 
capable of measuring a current of 10- amperes, the author 
calculates that it would be possible to deteét a candle at a 
distance of 2°7 miles. 

A sensitive photo-electric cell, in which the inside of a pear- 
shaped flask is coated with a layer of distilled sodium, has been 
described by Hughes.* The flask is provided with a quartz 
window, through which the ultra-violet light enters (Fig. 42 C). 
By an ingenious device the deposition of sodium on this window is 


1J. G. Kemp, Phys. Rev. (2), 1, pp. 274-293, 1913. 
* Hughes, Phil. Mag., 25, pp. 679-682, 1913. 
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prevented. This design of cell resembles the ‘black body 
enclosures” used in the study of heat radiation; practically all 
the light is trapped ,after successive reflections from the inner 
surface of the metal. Using light of wave-length 436 py isolated 
by a monochromator from a mercury lamp absorbing 120 watts, 
the current obtained was as large as 580 x 107! amperes. 

Cornelius! in an investigation of the speed of the electrons 
emitted in a photo-electric cell containing an alkali metal, 
described the preparation of cells of caesium and rubidium from 
the chlorides of these metals. 

Later experiments by Elster and Geitel ? extended still further 
the range over which Lenard’s law of proportionality is applicable. 
By avoiding charges on the glass wall of the cell they found 
proportionality between 30,000 lux (about one-third of the 
intensity of bright sunlight) down to about6 x Io7~‘*lux (alux = 
I metre-candle). The discontinuities which may arise with very 
strong light through ionisation by collision may be avoided by 
completely evacuating thecell. Later they found the law obeyed 
for light as feeble as 3 x 10~°ergs per sec. per sq. cm. for blue 
light and 2 x 107’ ergs per sec. per sq. cm. for orange light. 
The detection of light by the photo-electric effect, as by the 
selenium cell, is possible beyond the limits of ocular perception. 

A detailed investigation of the relationship between illumin- 
ation and current in potassium photo-electric cells was carried 
out by Ives.? The results obtained by the first two methods of 
current measurement on page 46 were found to depend on the 
time of exposure, and the third or steady deflection method 
was adopted. 

In common with Elster and Geitel,* [ves observed that two 
spurious currents, present in the dark, existed in the photo-electric 
cells previously constructed. The first is opposite in direction to 
the current produced by light, and may be ascribed to contact 
difference of potential. The second, which has been called a 
“ dark” current, is the result of conduction over the surface of the 

1 Cornelius, Phys. Rev., I, pp. 16-34, 1913. 

2Elster and Geitel, Phys. Zeitschr., 14, pp. 741-752, 1913; I5, pp. 610-611, 
194; 17, p. 268-276, 1916. 

3 Ives, Astrophys. Fourn., 39, p. 428, 1914. 


4Elster and Geitel, Phys. Zeitschr., 14, pp. 741 and 752, 1913. 
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glass. These currents can be greatly reduced by using glass of 
good insulating quality, or by separating the two electrodes as 
far as practicable. Still more complete protection is afforded by 
the use of internal and external guard rings, connected to earth 
(Fig. 42 E). Internal and external guard rings are shown at g, 
and ¢ is an insert of cobalt glass tubing of high electrical resist- 
ance. The cell was mounted ona glass plate by a sealing wax 
support at g. Methods of filling the cell with potassium are 
described in detail. 

Ives came to the conclusion that the relationship between 
illumination and current instead of being linear was a complicated 
function of voltage, electrode distance, and pressure, and that 
consequently jgas-filled photo-electric cells do not possess the 
qualities most desirable in a physical photometer. In a later 
paper Ives! described the wave-length sensibility curves of a 
number of such cells and found that no two curves were alike 
either in the position of the maximum or in the long-wave limit. 

In association with Dushman and Karrer * the same investigator 
examined a number of potassium cells in which the pressure of 
the residual gas was believed to be not more than 107° bar.? In 
such a high vacuum cell the irregularities found in the smaller 
gas-filled cells were not present. The fact that the relationship 
between light and current was non-rectilinear was traced to what 
the authors call focussing effects. By this term is meant a 
change of dzrection of the electron stream as the number emitted 
changes, whereby a different proportion of the whole number of 
electrons reaches the receiving electrode. Electrostatic fields, 
varying with the strength of the current, and changing the direction 
or focus of the kathode-ray stream, offer a satisfactory explanation 
of the peculiar effects found in the photo-electric cells. A cell 
was designed to be free from such disturbing factors, and in general 
form was identical with that of Richardson and Compton,* whose 
object, however, was the elimination of electronic reflection. It 
was found to give a truly rectilinear relation between illumination 

lIves, Astrophys. Fourn., 40, p. 182, 1914. 

2 Ives, Dushman, and Karrer, ibid., 43, p. 9, 1916. 

3In the United States the bar is defined as x dyne per sq. cm. The pressure 


mentioned is equivalent to 7°5 x 10—7 mm. of mercury, 
4R-chardson and Compton, Phil. Mag., 24, p. 575, 1912. 
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and current, whether of the high vacuum type or of the gas-filled 
type. A bulb of about 10 cm. diameter was silvered on the inside, 
and provided with a small window carried at the end of a side 
tube. The silvered surface acted as anode. The kathode was a 
small centrally placed glass bulb, on to the silvered surface of 
which the alkali metal was distilled. Thus the cell had no free 
surfaces on which electric charges could collect. 

The photo-electric cell developed by Kunz? is illustrated in 
Fig. 42 F. It may be constructed of glass or of quartz, having 
a central bulb about 3°4 cm. in diameter. The alkali metal is 
distilled on to a silver mirror in contact with a platinum wire. 
The anode is of platinum wire, the leading-in wire being surrounded 
by a long glass tube to prevent leakage. For the most refined 
work this tube is surrounded by a platinum cylinder connected to 
earth, or maintained at a definite potential.” 

Rubidium in an atmosphere of neon gave good results. 

Kunz and Stebbins ® found that in order to eliminate the dark 
current it was necessary to cover the larger part of the cell with 
alkali metal, leaving only a small hole for the entrance of light, and 
to use, not a single ring electrode, but a ring electrode with fine 
wires crossing each other and forming a wire net. A more or 
less uniform field is thus established between the sensitive surface 
and the anode, and only a few electrons accumulate on the glass 
surface where the light enters. With sodium, potassium, and 
rubidium the curves connecting current and light intensity were 
found to be nearly straight. A slight deviation from a straight 
line was observed, so that for wide variations of the illumination 
a calibration is recommended. In one form of cell the two 
electrodes were parallel and the field uniform, and the current 
was found to be proportional to the illumination over a very wide 
range—from o’o18 metre-candle up to I11O metre-candles 
(obtained by using a tungsten lamp of 100 candle-power). 

Coblentz * has made a detailed examination of instruments and 
methods used in radiometry and recommends the photo-electric 

1 Kunz and Stebbins, Phys. Rev., '7, pp. 62-65, 1916. 

2 Nathanson, Astrophys. Fourn., 44, p. 137, 1916. 

3 Kunz and Stebbins, Phys. Rev., 7, p. 62, 1916; Kunz, Astrophys. Fourn., 45, 


p- 69, 1917. 
4Coblentz, Bureau of Standards, Scientific Papers, No. 319, 1918. 
fey 
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cell for measurements of radiant energy in the violet and ultra- 
violet. 

At the eclipse of June 8, 1918, Kunz and Stebbins! used one 
of their potassium cells for measurements of the light of the 
corona. The observed total light gave a galvanometer deflection 
of about 35 divisions corresponding to 0°60 metre-candle, the 
observed ratio of corona to full moon being 0°6. These measures 
refer to the light to which the photo-electric cell is sensitive. 
The colour-sensitiveness of this cell and of other cells containing 
sodium and rubidium was investigated by Shinomiya,? who found 
the maximum sensitiveness to be of the order 10~’ ampere per 
erg by using rather low potential differences. By an increase 
of the voltage much higher values could be obtained but the 
deflections became less stable. 

The use of the photo-electric cells of Kunz for the measure- 
ment of the light of stars has been developed at the University of 
Illinois. By using quartz for glass in the cell wall spurious 
currents were practically eliminated. According to Stebbins * the 
photo-electric photometer had reached in 1921 a stage of progress 
where, with the same 12-inch telescope, objects of photographic 
magnitude 6:0 or even fainter, could be measured more accurately 
than any stars whatever with the selenium photometer. A 
photo-electric study of the variable star, Algol, was carried out by 
means of this photometer during the winter of 1919-20. 

When the photo-electric cell is to be used in making photo- 
metric measurements, it is necessary to have a complete knowledge 
of its curve of sensitiveness. The ideal cell would have the same 
colour-sensitiveness as the human eye. Curves for thirty cells 
made by Kunz, including all the alkali metals and hydrides of 
Na, K, Rb, and Cs, have been carefully determined by Miss 
Seiler. The difficult task of making a lithium cell was effected 
by dissolving lithium in dry ethylamine in the presence of a 
trace of ammonia. The hydride cells were somewhat more 
sensitive than the corresponding metal cells, the wave-length 
for maximum sensitiveness, Amax, being somewhat longer for 


1 Kunz and Stebbins, Astrophys. ¥ourn., 49, p. 137, 1919. 
2 Shinomiya, ibid., p. 303, IgIQ. 

° Stebbins, ibid., 51, pp. 193, 218, 1920; 53, p. 105, 1921. 
4E. F, Seiler, zbid., 52, p. 129, 1920. 
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the former cells. This wave-length could be located within 
about I wu. The values for glass cells filled with argon at low 
pressure were as follows :— 


Values of Amax iN wy. 


Li Na K Rb Cs 
Metal AOR” Aide “Ad0* 473 539 
Hydride — 427 456 481 540 


In these experiments the normal and the selective photo- 
electric effects were not differentiated, and consequently the 
curves are characteristic of the particular cells rather than of 
the metals themselves. Nevertheless it is of interest to note 
that the product of Ama, and the ionisation potential is approxi- 
mately constant, and again the product of Amax and the absolute 
temperature of melting is approximately constant. Fair agree- 
ment was found between the observed values of Amax and those 
calculated from the formula of Lindemann, but the agreement 
with the formula of Haber and Lindemann was unsatisfactory. 

It has been found by Ives and Fry! that in the case of some 
potassium photo-electric cells, the higher the frequency of the 
light the higher the voltage required for saturation. The mathe- 
matical theory for a spherical anode at the centre of a spherical 
kathode of 15 times the radius of the anode indicated saturation 
potentials of 40 and 160 volts for radiation of wave-length 5500 
A.U. and 4500 AU. respectively. These differences are of the 
same order as those found experimentally. 

According to A. H. Compton? potassium is the most con- 
venient metal to use in practical work, though calcium and 
rubidium approach more nearly the sensibility curve of the eye 
to light of various colours. Although the current from such 
cells is very small, of the order of 1o—" ampere, it is claimed that 
under favourable conditions the probable error of measurement 
can be reduced below o'! per cent. 

Experiments® carried out in the Wembley Laboratories of 
the General Electric Company have shown that photo-electric 
cells prepared with untreated surfaces of the alkali metals (sodium, 


lIves and Fry, Astrophys. fourn., 56, pp. I-15, 1922. 
2A. H. Compton, Am, Illum. Eng. Soc. Trans., 15, pp. 28-33, 1920. 
® Nature, 113, p. 606, 1924. 
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potassium, or rubidium) in a high vacuum are perfectly trustworthy 
instruments ; they show neither time lag nor fatigue, and can 
readily be prepared differing in absolute sensitivity by a factor 
of not more than two. The details of the construction of such a 


SILVERED SURFACE SHOWN SHADED 


CatHope Leap 
DiMENSIONS IN MILLIMETRES 


General Electric Company, Research Laboratory, Wembley. 
Fic. 43.—G.E.C. Photo-electric Cell. 


cell are shown in Fig. 43. A 60 watt gas-filled lamp with its 
filament 15 cm. from the cell will give a current of the order of 
10-* amperes. They are less sensitive than the Elster-Geitel 
gas-filled cells, but their sensitivity is ample for all ordinary 
photometric purposes using very simple electrical measuring 
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apparatus. If greater sensitivity is required it may be attained 
conveniently by amplification outside the cell. 

In connection with the subject of photo-electric cells contain- 
ing an alkali metal attention must be directed to an important 
paper by Richardson and Young? dealing with the photo-electric 
thresholds of sodium and potassium. 

In 1921, T. W. Case? recorded the discovery of photo-electric 
effects from certain oxide-coated filaments of some high vacuum 
audion bulbs. The sensitive deposit was found to be metallic 
strontium and barium, or some sub-oxide of these metals. This 
led to the construction of high vacuum strontium or barium 
photo-electric cells and the former have been placed upon the 
market. The barium cells show maximum action between the red 
and yellow, when tested in the spectrum of a gas-filled tungsten 
lamp. Even in the infra-red some effect is produced. The stron- 
tium cells are more active in response to the shorter waves, the 
maximum effect being between the green and the blue at about 
500 pu. In average sunlight the photo-electric current is approxi- 
mately one hundred micro-amperes. It is sufficient to actuate 
an automatic recording potentiometer so as to yield continuous re- 
cords of daylight. The photo-electric current increases with in- 
crease of voltage up to about 140 volts. If the cell is run on 170 
volts small variations in voltage have no appreciable effect on the 
current. The photo-electric current does not vary more than 
2 per cent. for a temperature range from o° F. to 100° F., and 
is directly proportional to the light intensity up to at least 4000 
foot-candles when a saturation voltage is applied. 

A photo-electric cell in which the kathode is of specially 
prepared cadmium has been used by Szilard as an actinometer 
to measure ultra-violet radiation. The current from the cell, 
which is sensitive in the region 3900 — 2950 A. U., is measured 
by an electrometer. 

The applications of the photo-electric cell to astronomical 
measurements have been discussed by A. F. and F. A. Linde- 
mann,®? who claim a special advantage for the method in the 


1 Richardson and Young, Proc. Roy. Soc., 107, pp. 377-410, 1925. 
27. W. Case, Amer. Electrochem. Soc., April, 21-23, 1921. 
3A, F. and F, A. Lindemann, Roy. Astron. Soc. M.N., 79, pp. 343-357, I919- 
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case of diffuse objects like comets and nebule, as the total 
light and not the intensity is indicated. Instead of using the 
single bulb directly at the telescope as a species of eye, R. A. 
Sampson! decided to obtain first photographic records in the 
usual way, and then to estimate these with the photo-electric 
cell used in the form of the Koch micro-photometer. In principle 
the action is that of two balancing cells, a string electrometer being 
used in making the measurements. By employing the balancing 
effect, the density of any photographic deposit may be compared 
with a standard. 

The photo-electric photometer has been employed by Wylie? 
for finding accurate light-curves of variable stars. 

The apparatus employed for the 12-inch refractor of the Lick 
Observatory has been described by Cummings.’ 

By means of a photo-electric cell and an optical wedge Pike * 
has obtained quantitative measures of the densities of a photo- 
graphic plate. 

Important investigations on the measurement of transmission 
and reflection in the green, blue, and violet regions of the spectrum 
have been carried out by K. S. Gibson,’ using a photo-electric 
method. The null method first employed was essentially the 
same as that used by Richtmyer, in which two photo-electric 
cells and batteries were arranged in a sort of Wheatstone bridge, 
the electrometer serving merely as an indicator of equality 
between the two photo-electric currents. Later, in consequence 
of the variability in the spectral characteristics of the photo-electric 
cells employed, a direct-reading method was developed by a 
proper combination of the Brodhun variable sector and the equal- 
deflections method. The specimen of which the transmission is 
to be determined is placed in the beam of light, and the galvano- 
meter reading is noted when the sector is set at 100. Then the 
specimen is removed and the sector adjusted until the galvano- 
meter reads the same as before. The resulting sector reading is 

TR. A. Sampson, Roy. Astron. Soc. M.N., 83, pp. 174-204, 1923. 

2 Wylie, Astrophys. Fourn., 56, pp. 217-231, 232-241, 1922, 

>Cummings, Lick Observat. Bull., 11, pp. 99-121, 1923. 

4 Pike, Roy. Astron. Soc. M.N., 83, pp. 493-501, 1927. 


SK. S. Gibson, Fourn. Opt. Soc. Am., 2, p, 23; £9105 75) p.0035) £623 5 
Bur. Standards Sci. Paper, No. 349, 1919, No. 440, 1922. 
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the transmission of the specimen. The speed of operation is high 
and there is no computing to be done. All errors or calibra- 
tions connected with the characteristics and “dark currents” of 
the photo-electric cell are eliminated. 

A photo-electric method for investigating the Wien-Planck law 
of radiation in the ultra-violet has been developed by Steinke,’ 
who employed Elster and Geitel’s photo-electric cell as a photo- 
meter. The mean of the values found for the radiation constant 
C, was 14,385, which agrees with the values found by other 
observers for visible radiations. 

The development of the three-electrode thermionic valve 
(‘‘triode””) has provided a means for amplifying the effect of a 
photo-electric cell. Such a method has been described by Kunz? 
and by Pike,® who employed an “audion”’ valve and obtained an 
amplification from 1600 to 5000 times, or even 18,000 times 
with certain valves. Still larger amplifications were obtained by 
Meyer, Rosenberg, and Tank,* who found constant amplification 
for small photo-electric currents. 

It is safe to prophesy that with the improvements in design 
and technique already attained and likely to be introduced the 
photo-electric cell will prove an instrument of great value not 
only in pure scientific research but in investigations of a technical 
character. It may even be found a rival in certain commercial 
or technical applications to its cousin the thermionic valve. The 
photo-electric cell affords yet another instance of the uses to 
which results obtained from highly specialised investigations may 
be put, and the unforeseen practical applications which may 
ensue. As Sir Joseph Thomson has said: ‘‘ Discoveries in 
physics, apparently far remote from practical application, have led 
to the foundation of new industries or have revolutionised old 
ones.’ But the investigator who is imbued with the true spirit 
of scientific research will continue to pursue his work for the love 
of it, realising that in the search for El Dorado “to travel hope- 
fully is a better thing than to arrive, and the true success is to 
labour.” 

1 Steinke, Zeits. f. Physik, 11, pp. 215-238, 1922. 
2 Kunz, Phys. Rev., 10, p. 205, 1917. 


3 Pike, ibid., 12, p. 102, IQIQ. 
4 Meyer, Rosenberg, and Tank, Archives des Sciences, 2, p. 260, 1920. 
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ADDENDA. 


(1) The photo-electric cells supplied by the Cambridge In- 
strument Company are of the pattern originally designed at the 
Clarendon Laboratory, Oxford. These cells, which are highly 
sensitive, contain potassium deposited in a colloidal form and are 
filled with helium at a suitable pressure. The sensitivity changes 
rapidly with the applied potential, increasing four-fold between 
100 and 200 volts for an average cell. At 200 volts the photo- 
electric current, when the cell is exposed to a 100 candle-power 
lamp at 7 cms, distance, is of the order of I1°6 microamperes and 
increases about 2°3 per cent. for 2 volts. When the sensitivity 
doubles for an increase of about Io volts, it indicates that the 
critical potential for a glow discharge is being approached and it 
is inadvisable to raise the potential much further. In general it 
is safe to use a potential up to about 250 volts. 

(2) The ionisation of iodine vapour by ultra-violet light of 
wave-length shorter than 180 py has been demonstrated in the 
experiments of West and Ludlam (Proc. Roy. Soc. Edin., 45, 


P. 34, 1924-5). 


APPENDIX I. 


VAEUES OF FUNDAMENTAL PHYSICAL CONSTAN ES: 


logy. 
¢ = Velocity of light ==52'9986-%210)9"em, sec. couieoee 
eé = Electron charge =u4 A 10m bas. U. 10°67888. 
= 1*592 x 107%? E.M.U, 20°20196: 
e/m = Specific charge of electron = 1°761 x 10’ E.S.U. pergm. 7°24576 
m == Mass of electron = 9°04 x 107-78 gm. 28'95620 
M = Mass of hydrogen atom = 1°649 x 10774 gm. 24°21722 
N = Avogadro’s constant = 6'062 X 107? 23°738262 
R = Gas constant for 1 gram- 
molecule = 8°315 x to! ergs/gm. deg. 7°91986 
k = RIN, Boltzmann’s constant = 1°372 x 10716 ergs/deg. 16°13724 
a = 3R/2N, constant of molecular 
energy = 2'058 x 107! ® ergs/deg. 16°31333. 
w, = Kinetic energy of molecule 
ation: = 5619 x 107!4 ergs. 14°74965 
# = Planck’s constant = 6°558 x 10777 erg sec. 27°81677' 


APPENDIX II. 


VAEUES OF THE ENERGY QUANTUM. 


Table showing the value of the frequency v and the energy quantum 


Ay for certain wave-lengths. 


J= "27009 x 10° cm. sec.', 2 = 6558 x 1072? erg sec: 
Spectral Region. r. v; S€c.=1 hv, Ergs. 
7; ot te | 
Ruben’s longest wave . é gou Beso Zeal Ol FERSEY Se ato 
Rock-salt residual rays. 5 51°8u 557001 xtO 3379 70s LOm 
Fluorspar residual rays : 22°34 345 x 10 S30 208 xat One 
Infrared yo: : , , 16m 1°874 x 1018 T7220 105s? 
Limit of visiblered A 8000 A.U. 3749 aon” 2°458 x 10722 
Limit of visible violet . : 4000 A.U. 7°498 x to} 4°9160 X 10> 
Limit for quartz prism . é 2000 A.U. I*500 x rod 9°832 x 10-? 
Schumann rays . 5 tooo A.U. 2°999 x 10} E067 Kero 
X-rays . : : : : 1 A.U. 2°999 x 1018 I°967 x 1t0-8 


The limits assigned to the various spectral regions in 


rough approximations. 
283 


the above Table are only 
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APPENDIX III. 


THE VELOCITY AND KINETIC ENERGY OF AN 
ELECTRON. 


The velocity v in cm. per sec. may be expressed as a fraction of the 
velocity of light, ¢,'by putting v = Bc. According to Einstein’s formula 
the kinetic energy of an electron is 


where m, is the “rest mass” of the electron (g'042 x 107% gm.). If 
V be the difference of potential in volts through which the electron must 
move to acquire this amount of energy, and ¢ be the charge in electro- 
static units, the energy is also equal to 345 Ve. 

In this Table ¢ has been taken as 3 x 10! cm. sec.71. 


B. v, Cm. Sec.—1, K.E. (Ergs). V (Volts). 
"005 TES Se ae 102 Ome 6°39 

‘OL 37x) 10° ALOTexaL Om 25°55 

02 6 x 108 r°63 x ro—!? 102°2 

"03 9 x 108 3005 Lom 230°0 

04 Toe ec Op 6°51 x r0—!° 409 

"05 HOS SS Gy Te OZ Kk Oms 639 

om B On ceroy 4°09 xX r0—® 2°56 x Io° 
“8 ns) Be toy.) E200 TOs! TO: <a tO” 
9 257 TOW EO50LOme 662 x Io® 


It is worth noting that when the speed is not large, the velocity in cm, per sec. 
is given approximately by the expression 6 x 107 ,/volts. 

For more complete Tables and other results relative to the electron see a paper 
by G. Fournier, ¥. de Physique, 6, p. 29, 1925. He has calculated for 150 values of 
B the corresponding values of ,/y — g?; 1/\/1 — B?; B/J/x — pe; the kinetic 
energy in ergs of an electron; the difference of potential V in volts; and finally the 
product Hp, in gauss cm., where p is the radius of the circle described by the electron 
in a magnetic field of strength H. This product is given by the formula 


e é Vi - Bp 
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MOTION OF AN ELECTRIFIED PARTICLE UNDER 
THE JOINT ACTION OF ELECTRIC AND MAG- 
NETIC FIELDS. 


The motion of an ion when it is acted on simultaneously by both 
electric and magnetic forces has been discussed by J. J. Thomson.} 
Let H be the magnetic force, assumed parallel to the axis of z; and let 
X, 0, Z be the components of the electric force, assumed parallel to the 
plane of xz. Then the equations of motion of an ion (mass m, charge e) 
having co-ordinates x, y, 2 are 


ax Ly 

MEPS = Xe — Hes, (x) 
d*y ax 

me = Hes, (2) 
az 


Equation (3) integrates at once into 
ie 
z= -Z-f + wt : ‘ ‘ ; 
oe eine (4) 


where w, is the velocity of projection parallel to z, the origin of co- 
ordinates being taken at the point of projection. 


: . : Xe He 
Rewrite equations (1) and (2), putting a = a B= Eo 
ane dy 
Then af PE . : : - (5) 
dy ax : 
: dy 
Integrating (6) : me Bx : : ; ; mG 


; ‘ ‘ dy 
the constant of integration being zero, since epee when x = o. 


ax 
Substituting in (5): aT aaa Bx: 
To put this in the form familiar in simple harmonic motion, we write 
Ge — pe 878, 
a*x = ae rt 
Then 7p = ap 
@E ; 
aes * 


1J. J. Thomson, Conduction of Electricity through Gases, § 55, p. 111 (zg06). 
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Hence é = Acos Bf + B sin £7, 
or w= fa + Acos Bt + B sin fr . oe ere) 


: : ax 
According to our assumptions, when ¢ = 0, both x = o and cee 


These conditions at once lead to 
As - zi and B = o. 


a 


(x — cos £2) 


Whence x= 


From (7) y = \Bxdt 
= aI Bt — sin B7] 


-al! ile 
= Atl we fon | : ; 2 (ze) 


Equations (9) and (10) show that, with the given initial conditions, the 
projection of the path on the plane of xy is a cycloid generated by a 
circle of radius Xm/H’e rolling on the y axis, i.e. on a line perpendicular 
to the electric force. 

If Z = o, ze. if the electric force is at right angles to the magnetic, 
and if w, = o, the particle describes a cycloid in the plane of xy. The 
greatest distance measured in the direction of the electric force which 
the particle can get from its point of projection is 2Xm/H?e. 
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